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PREFACE 


This book began in 1951 as a review article on reductions with lithium 
aluminum hydride, Although the initial announcement of the preparation 
and behavior of this reagent was made at an American Chemical Society 
Symposium in 1946, the first fully detailed articles appeared in 1947 in 
the journal of the American Chemical Society . The idea of a review 
article was quickly abandoned and replaced by the plan for a monograph 
when an examination of Chemical Abstracts revealed that while a total 
of 187 pertinent references had appeared from 1947 through 1950, 226 
references were included in 1951 alone. Further, 149 references were 
found in the journal of the American Chemical Society in 1951- The 
majority of these were not included in Chemical Abstracts on account of 
the unavoidable 6 to 12 months time lag between the publication of the 
original articles and the publication of their abstracts. Since a great 
number of the newer references were concerned with new applications of 
the reagent rather than additional examples of previously reported ap¬ 
plications, it was realized that a more or less stable position had not 
yet been reached and that any review article would be out-of-date before 
ir appeared in print. Consequently, it was decided to cover the litera¬ 
ture through 1952 with the resultant decision to prepare a monograph 
rather Lhan a review article. 

In the process of deciding to prepare a monograph the decision was 
made to expand the coverage to include the preparation and all reported 
reactions, inorganic as well as organic, of the complex metal hydrides. 
Thus, in addition to lithium aluminum hydride, the monograph includes 
material relating to aluminum hydride, magnesium aluminum hydride, zinc 
aluminum hydride, lithium gallium hydride, sodium borohydride, potas¬ 
sium borohydride, lithium borohydride, and sodium trimethoxyborohydride, 
as well as those aluminohydrides and borohydrides whose preparation 
has been reported but whose reactions have not as yet been investigated. 

Owing to the analogy between the reactions of the complex metal hy¬ 
drides, in particular lithium aluminum hydride, with the Grignard reac¬ 
tion, comparisons of the former with the latter as well as Meerwein- 
Ponnderf-Verley and catalytic reductions are made where deemed 
advantageous. 

This monograph covers the literature up to January 1953- This in¬ 
cludes Chemical Abstracts and the following journals which have been 
examined page by page from 1947 to 1953: 

The Analyst 

Analytica Chimica Acta 
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Analytical Chemistry 

Annalen der Chemie, Justus Liebig 

Bulletin de la societe chimique de France 

Canadian Journal of Chemistry 

Chemische Berichre 

Chemistry and ludustry 

Collection of Czech Chemical Communications 

Comptes rendus 

Experientia 

Helvetica Chimica Acta 

Industrial and Engineering Chemistry 

Journal of the American Chemical Society 

The Journal of the American Oil Chemists’ Society 

Journal of the American Pharmaceutical Association, Scientific Edition 

Journal of Applied Chemistry (London) 

The Journal of Biological Chemistry 
Journal of Chemical Education 
The Journal of Chemical Physics 
Journal of the Chemical Society 
The Journal of Organic Chemistry 
The Journal of Physical Chemistry 

Journal of Research of the National Bureau of Standards 

Monatshefte fur Chemie 

Nature 

Proceedings of the Royal Society (London) 

Rccueil des travaux chimiques des Pays-Bas 
Research (London) 

Science 

It was found that page-by-page examination of the indicated journals 
produced additional references to chose obtained from Chemical Abstracts 
since in some cases where the complex metal hydride was used in the 
preparation of a material which was the subject of an investigation 
rather than where the hydride reaction itself was the subject, the ab¬ 
stract contained no reference to the use of the hydride. All references 
obtained from Chemical Abstracts relating to journals other than those 
listed were examined in the original form. After the completion of the 
manuscript, examination of the references in Chemical Abstracts up to 
January 1954 has shown that all but 55 ouc of some 400 pertinent refer¬ 
ences were covered in the survey of the original literature. Consequently 
the monograph covers the abstract literature completely through 1952 and 
approximately 85% of the abstract literature for 1953. 

In addition to the published literature, including a comprehensive sur¬ 
vey of the patent literature, a considerable amount of material, unpub- 
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lished through 1954, is included. This was obtained by contacting in¬ 
dividuals who had presented papers at meetings of the American Chemi¬ 
cal Society and other organizations. A request for more detailed informa¬ 
tion on a particular reaction in many cases resulted in the acquisition 
of relevant unreported work. In some cases this work, although included 
in the monograph, is appearing in the appropriate journals in 1955. 

The arrangement of material in the monograph, in particular the reac¬ 
tions of the complex metal hydrides, is based on the reactions of func¬ 
tional groups. Although a considerable number of cross references arc 
included, no attempt to avoid duplication has been made and in fact, in 
many cases duplication has been intentionally fostered. Thus, where a 
compound containing several functional groups has been subjected to 
treatment with a complex metal hydride, tills compound is tabulated in 
each of the appropriate tables so that cross-referencing and undesirable 
page-turning is unnecessary. 

It has been reported that under the proper experimental conditions 
normally unreactive groups have been attacked by the complex metal hy¬ 
drides. It has therefore been deemed desirable to tabulate those com¬ 
pounds and experimental conditions which have resulted in non-reduction 
as well as the examples of successful reactions. 

The chapter on the "Handling of the Complex Metal Hydrides on a 
Commercial Scale** was prepared by M. Douglas Danus and Robert D. 
Cray, oi the sraff of Metal Hydrides, Incorporated, Beverly, Massachusetts, 
whose cooperation is gratefully acknowledged. The photographs were 
provided by Bradford H. Arthur of Metal Hydrides, Incorporated. 

This monograph was conceived and written while the author was asso¬ 
ciated with E. I. du Pont de Nemours & Co., Inc. A vote of thanks is 
hereby tendered to the members of the Publications Committee of the 
Yerkes Research Laboratory of the Film Department of the du Pont Co. 
for their cooperation during the preparation of the manuscript. The pa¬ 
tience of Dr. Emmette Izard was a particular inspiration. The assistance 
of Miss Jean Ouiderkirk of the Library Staff in obtaining copies of patents 
and many foreign references made possible the comprehensive coverage 
of this book. The extreme cooperation of the Stenographic Staff under 
Mrs. Carol Nicholson, in particular Mrs. Miriam Norris and Miss Marjorie 
Bartow, resulted in the evolution of a manuscript which can be held up 
as a model for the stenographic arts. 


Norman G. Gaylord 

Interchemical Corpurat ion 
The Research Laboratories 
New York , N. Y. 
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CHAPTER 1 


INTRODUCTION 


The complex metal hydrides arc among the recent discoveries of in¬ 
organic chemistry which have found wide application in the organic field. 
Among the hydrides which have been readily accepted by the organic as 
well as the inorganic chemist arc the commercially available lithium 
aluminum hydride and lithium, sodium and porassium borohydrides. The 
easily prepared magnesium aluminum hydride, lithium gallium hydride, and 
the aluminum hydride-aluminum chloride addition compound are of poten¬ 
tial future interest but to dace have not been extensively investigated. 

Although aluminum and beryllium borohydrides were first reported in 
1940, their spontaneous inflammability in air did not make them particu¬ 
larly inviting reagents. On the ocher hand, the more ionic borohydrides, 
such as the sodium and potassium compounds, are unusually stable sub¬ 
stances. Although the reducing action of these materials is limited in 
most cases to aldehydes, ketones, acid chlorides and a few other func¬ 
tional groups, this seeming limitation may in many instances be highly 
desirable for selective reductions. Sodium borohydridc is an effective 
reducing agent in water, methanol, or dioxane solution but is not very 
soluble in organic solvents such as diethyl ether. Lithium borohydride 
is soluble in ether, although usually used in tetrahydrofuran and is a 
stronger reducing agent than rhe sodium compound. However, the number 
of reducible groups is still small and selective reductions are possible. 

Magnesium aluminum hydride and lithium gallium hydride in ether solu¬ 
tion are stronger reducing agents than the borohydrides. However, the 
limited investigations that have thus far been carried out do not permit 
far-reaching generalizations as to the scope and limitations of these 
reagents. 

Lithium aluminum hydride, hereinafter referred to as LAH, is an ex¬ 
tremely powerful reducing agent. Since the initial report of the applica¬ 
tion of LAH to the reduction of organic compounds before the Symposium 
on Hydrides and Related Compounds at the Chicago meeting of the Amer¬ 
ican Chemical Society on September 10, 1^46, the uses of this reagent 
have become legend. Although its violent reaction with water and the 
liberation of hydrogen and decomposition of the reagent with substances 
containing active hydrogen do not permit its use for the reduction of 
water soluble compounds, it reacts readily and, in many cases, quanti¬ 
tatively with substances soluble in ether-type solvents such as diethyl 
ether and tetrahydrofuran. Functional groups which have resisted other 
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methods of reduction have successfully been reduced with LAH under 
conditions similar to those used with the Grignard reagent. The action 
of LAH is often highly specific, yielding products of a high degree of 
purity due to the avoidance of side reactions, condensations and cleavage 
often encountered with other reducing agents. 

The chemical properties of aluminum hydride are similar to those of 
LAH. However, the ether solution of the former is unstable and poly¬ 
meric aluminum hydride is precipitated. The addition of aluminum chlo¬ 
ride to the ether solution, prior to the precipitation, resulrs in the forma- 
rion of a stable, ether-soluble aluminum hydride-aluminum chloride addi¬ 
tion compound. The material, in ether solution, is an excellent reducing 
agent which is somewhat milder than LAH. The properties of this addi¬ 
tion compound have not been extensively covered. 

The complex metal hydrides which have been discovered and investi¬ 
gated to date present a cross-section of reduction efficiency. Although 
several different agents may serve for the reduction of a particular func¬ 
tional group, in the presence of other groups which it is desired to retain 
in the reduced product, selective and directed reduction is necessary. 
The difference in reducing ability among the complex hydrides makes 
possible the selection of the appropriate agent for the specific task. 

A number of excellent reviews and summaries have been published 
relating to the use of the complex metal hydrides in the reduction of 
organic compounds as well as in the preparation of hydrides and complex 
hydrides (1-20). The rapid growth of the area of application of these 
reagents has in many cases made a given review out-of-date prior to its 
date of publication. 
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CHAPTER 


PREPARATION A NO PROPERTIES OF 
COMPLEX METAL HYDRIDES 


The work of H. I. Schlesinger and E. Wiberg and their co-workers has 
resulted in the preparation of numerous compounds containing complex 
hydride anions. Only a limited number have been investigated in any de¬ 
rail as regards rheir reactions with inorganic reactants and their utility 
as reducing agents for organic functional groups. The preparation and 
properties of those complex metal hydrides which have been so investi¬ 
gated and applied are considered in this section. A considerable portion 
of the patent literature refers to the use of LAI I and aluminum hydride 
interchangeably in the reduction of organic compounds. The latter though 
not a complex hydride is therefore included in this discussion. 

2.1 LITHIUM ALUMINUM HYDRIDE (LAID AND ALUMINUM HYDRIDE 
2.1.1 Preparation 

2.1.1.a Lithium aluminum hydride . LAI I is prepared in good yield by 
the reaction of lithium hydride and aluminum chloride in ether solution 
(1-9), according to the equation: 

4 LiH + A1C1, -> Li AIM, + 3 LiCl (2-1) 

A solution of aluminum chloride in ether is added to a slurry of finely 
pulverized lithium hydride in ether containing a small amount of previ¬ 
ously formed LAD. The rate of addition is controlled so as to maintain 
continuous refluxing. Stirring is continued for a short time after the addi¬ 
tion is complete. The precipitated lithium chloride and excess lithium 
hydride are separated from the ether solution by filtration under nitrogen 
pressure (1). The yield of LAH is 85-90% and the purity is 93*98% al¬ 
though it may become as high as 99% without recrystallization if the re¬ 
action mixture is permitted to stand before filtration (1-3). 

The addition of previously prepared LAH controls the reaction velocity. 
In its absence, an induction period is observed, after which the reaction 
sets in with such vigor as to make control difficult (1). A small portion 
of iodine aids in the formation of the initial LAH which catalyzes the re¬ 
action (4). Mirza (10) has shown that the induction period is due to re¬ 
sidual traces of water in the ether used in the preparation. Distillation 
of the ether over LAH or careful drying over sodium eliminates the induc¬ 
tion period and results in a smooth reaction. The induction period is 
apparently the time required to remove the protective film of lithium hy- 
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Figure 1. Plant equipment for preparation of lithium aluminum hydride. 
(Courtesy of Metal Hydrides Inc.) 

dioxide from che surface of the powdered lithium hydride. Once the un- 
reaccive coating is removed a vigorous reaction occurs due to the presence 
of a large amount of aluminum chloride. 

Aluminum hydride is probably an intermediate in the formation of LAH 

( 11 , 12 ): 

3 LiAiH 4 (seed) + AlCl a 4 A1H 3 + 3 LiCl (2-2) 

4 A1H 3 + 4 LiH 4 LiAlH, (2-3) 

The reaction of aluminum hydride with lithium hydride in ether is reported 
to produce LAH (13), although the former is difficultly accessible in 
monomeric form. 

The lithium hydride may be prepared from lithium and hydrogen (7,14) 
or by heating lithium oxide with magnesium metal (powder or flakes) in 
the presence of hydrogen at a temperature of 50(^900°. The resultant, 
mechanically, inseparable mixture of lithium hydride and magnesium oxide 
is treated with an ethereal solution of aluminum chloride (13,16): 

4 (MgO + Lilt) + AICI3 -> LiAlH, + 3 I-iCl + 4 MgO (2-4) 

The lithium chloride residues from LAH preparations can be purified by 
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heating with excess ammonium chloride at 580 u in order to obtain an¬ 
hydrous lithium chloride (17). 

The substitution of aluminum bromide for aluminum chloride results in 
a simplified procedure overcoming the disadvantages inherent with the 
use of the latter. Thus, the lithium hydride does not have to be finely 
pulverized as pea size pieces dissolve smoothly in the ethereal alumi¬ 
num bromide solution. The use of LAH as a "primer” is unnecessary 
since the heat of reaction and the heat of formation of lithium bromide are 
less than in the analogous reaction with aluminum chloride. An excess of 
lithium hydride is not necessary since the reaction quantitatively con¬ 
sumes the hydride permitting the use of stoichiometric quantities. When 
aluminum chloride is used, the ether-insoluble lithium chloride partially 
covers the insoluble hydride and so hinders further reaction. Although 
the ether solution of LAH obtained from the bromide in 97% yield is sat¬ 
urated with lithium bromide, it is reported to behave normally in hydro¬ 
genation reactions (18). 

By heating lithium hydride with hydrogen gas containing tritium at 330° 
lithium hydride-t has been prepared. The use of lithium hydride-t has 
made possible the preparation of lithium aluminum hydride-t (LiAlT 4 ). The 
direct exchange of LAH with a hydrogen-tritium mixture at 100° could not 
be carried out (19). The commercially available lithium aluminum deu- 
reride is probably prepared from lithium deuteridc. 

Schmiiz-Dumont and Habernickel (20) have studied the preparation of 
various addition compounds of aluminum ethylarc. The addition of a small 
amount of LAH to an ethereal solurion of lithium hydride and aluminum 
ethylate results in the formation of an addition compound: 

LiH + Al(OC a H 5 ) 3 LilHAl(OC 2 II 5 )J (2-5) 

However, a substitution of the ethoxy group with hydrogen occurs 
simultaneously. 

Li[HAl(OC a H 5 ) 3 l + Lill -> Li[H a Al(OC 2 H 5 ) a ] + LiOC 2 H 5 (2-6) 

This substitution reaction proceeds until lithium aluminum hydride is 
formed. 

The ethereal solution of LAH prepared according to equation (2-1) can 
be analyzed as discussed in Section 2.1.2 and used without isolation of 
the solid hydride, or the latter can be isolated by evaporation of the ether 
at atmospheric pressure and removal of the residual solvent in vacuo at 
70 J (1). The purification of LAH can be carried out by its repeated solu¬ 
tion in ether and precipitation with benzene (21). Explosions have been 
reported in the evaporation of ethereal LAH solutions due to the presence 
of carbon dioxide (22) or excessive peroxides (23). 

2.1.1.b Aluminum hydride . Aluminum hydride was first prepared by 
passing a mixture of trimethylaluminum and an excess of hydrogen through 
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a glow discharge. Volatile methyl aluminum hydrides, in dimeric form, 
were isolated from the complex mixture of products, indicating a stepwise 
replacement of methyl groups by hydrogen. 

Al(01 a ), + /I H a A1(CH 3 ) 3 _ rI H fI + II RH (2-7) 

Treatment of the non-volatile products with tri methyl amine gave the ad¬ 
dition compound AlH a • 2N(CH a ) a which, when heated in a vacuum, liber¬ 
ated rrimcthylamine and formed aluminum hydride-rich products 
(AlIIj) n - N(CH S ) S . Above 100°, a non-volatile, high polymeric aluminum 
hydride (AIM,), was obtained (24-27). 

The work of Schlesinger and his co-workers has led to a convenient 
synthesis of monomeric aluminum hydride. In ether solution, in the pres¬ 
ence of excess aluminum chloride, lithium hydride yields aluminum hy¬ 
dride, according to the equation: 

3 LiH + AlClj —► AIM, + 3 LiCl (2-8) 

A mixture of magnesium oxide and lithium hydride, prepared as described 
in Secrion 2.1.1.a, can be used in place of the pure hydride. Treatment 
of an ethereal solution of LA1I with aluminum chloride in a 3'1 ratio ar 
room temperature yields a solution of aluminum hydride (1-3,27,28): 

3 LiA1H 4 + AKJ, -> 4 Allij + 3 LiCl (2-9) 

The ethereal solution of aluminum hydride is unstable since the latter 
spontaneously polymerizes to a high molecular weight, ether-insoluble, 
polymerization product. This is postulated as arising as follows (28): 

3 LiAlIl, + AlClj, ^ A1(A1H 4 ) 3 + 3 LiCl (2-10) 

x AlfAlHJ, 4 (All-1 ,) x (2-11) 

The A1(AIH 4 ), is considered the ether soluble form of aluminum hydride. 

It is impossible to remove all the ether by evaporation without decom¬ 
posing the aluminum hydride. Solid products containing varying amounts 
of bound ether are obtained by different drying procedures. The compo¬ 
sition may reach proportions corresponding to six moles of aluminum hy¬ 
dride per mole of diethyl ether (1-3,29). The erherate containing three 
moles of aluminum hydride per mole of ether has been reported to show 
an unusual and characteristic x-ray diffraction pattern rather chan to ex¬ 
ist in the amorphous form (30). Irrespective of its composition, the solid 
is not appreciably soluble in ether, but either the original solution of 
aluminum hydride or the ether-insoluble solids may be used in place of 
LAH in subsequent reactions (1-3,11)* 

Whereas the etherate of aluminum hydride is unstable in diethyl ether 
solution, precipitating as the insoluble polymeric form, the etherate with 
tetrahydrofuran is more stable (31)* The monomeric hydride can be sta¬ 
bilized with trimethyl amine (29) as well as by treatment with an ethereal 
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solution of an aluminum halide (28). The reaction of aluminum hydride 
with aluminum chloride, in varying proportions, yields AlH a Cl or AlHCl a 
or the addition compound AlH 2 (‘l ■ AlHCl a (32). The reaction of aluminum 
hydride with aluminum bromide (33) or aluminum iodide (34) yields either 
the mono- or dihalo derivatives A1H 2 X or A1HX 2 . The reaction of the 
mono- and dichloro compounds with LAI1 in ether yields an ethereal solu¬ 
tion of aluminum hydride from which the polymeric form precipitates. 

A1ILX + LiAlH, 2 A1H 3 + LiX (2-12) 

A1HX 2 + 2 LiAlH, -> 3 AIM, + 2 LiX (2-13) 

A1X 3 + LiAlH« 4 A1H S + LiX (2-14) 

However, the reaction of the mono- and dibromo compounds with LAH in 

erher yields a stable ethereal solution. Similarly, the preparation of alu¬ 
minum hydride by the reaction of aluminum bromide and LAH according to 
equation (2-14) yields a stable ethereal solution. Wiberg et al. have pro¬ 
posed that the solutions probably contain lithium bromoaluminum hydride 
LiAlH 9 Br (35). 

2.1.2 Analysis 

Analysis of solid LAH to determine its purity as well as analysis of 
ethereal solutions to determine the LAH concentration can be carried out 
in several ways. The vigorous reaction of LAH with water liberates hy¬ 
drogen according to the equation: 

LiAJH 4 + 4 H 2 0 -> 4 H 2 + Li OH + A1(0H) 5 (2-15) 

Measurement of the hydrogen gas evolved permits determination of LAH 
concentration (1-3,7,9,36). Gas volumes are determined in an apparatus 
such as is used in rhe Zerewitinoff determination of active hydrogen (37). 
If the gas volume is kept constant, the evolved hydrogen can be measured 
by the change in pressure (21,38). 

In addition to measurement of the evolved hydrogen, the solution result¬ 
ing from hydrolysis of LAH can be analyzed for aluminum (1,21) or lith¬ 
ium (1). 

The measurement of the hydrogen evolved on decomposition of excess 
LAH after completion of a reduction, permits determination of the extent 
of reduction as well as the stoichiometric relationship involved. In ad¬ 
dition to the usual equipment, several gas burets have been proposed for 
this purpose (37,39). 

Hydrogen evolved on pyrolysis of LAH at 150-220according to equa¬ 
tion (2-16), can also be determined gasometrically (1). 

LiAlH, LiH + Al + 1.5 H a (2-16) 

Additional hydrogen is obtained by treatment of the residue with water (1). 

LiH + Al + 4 H a O -► LiOH + Al(OH) 3 + 2.5 H a (2-17) 



2.1 


LAH AND ALUMINUM HYDRIDE 


9 


A faster and more accurate method for LAH analysis, developed in 
France, involves the addition of excess standard iodine in benzene to an 
ethereal LAH solution and back-titrating with sodium thiosulfate (36,40). 
Direct titration of the LAH solution with a benzene solution of iodine may 
be 20% in error while the same error is involved when the excess of io¬ 
dine is insufficient, i.e., less than three moles per mole of LAH. The re¬ 
action of one mole of LAH with four moles of iodine consumes exactly 
two moles of iodine according to the equation: 

LiAlH, 4 * 2 1, —► 2 H 2 4 - Lil + All* (2-18) 

This reaction is analogous to the reaction of the Grignard reagent with 
insufficient iodine (41). 

2 RMgX + I a -* RR + 2 MgXI (2-19) 

The normal reaction of Grignard reagents with excess iodine is: 

RMgX 4 - I 2 —> RI 4 - MgXl (2-20) 

but the analogous reaction of LAH 

l.iAlH« 4 4 I, -4 4 HI 4 - Lil 4 - All* (2-21) 

is nor observed. The iodometric method is accurate for 0.1 to 1.0 M LAH 
solutions while the gasometric method based on hydrolysis is accurate for 
0.5 to 1.0 M solutions (36). 

Analysis of aluminum hydride is carried out essentially as for LAH, by 
hydrolysis according to the equation: 


A1H* 4. 3 H,0 AI(OH)* 4 3 H a (2-22) 


2.1.3. Properties 

2.1.3.a Lithium aluminum hydride . LAH is a microcrystalline solid 
which is stable in dry air at room temperature. Brown (11) has pointed 
out that there is no conclusive evidence that the intensively dried solid 
is not a mixture of lithium hydride and aluminum hydride from which LAH 
slowly reforms when the material is suspended in ether. However, Fin- 
holt and Jacobson (42) have reported that LAH gradually deteriorates 
after several months exposure to light and occasional exposure to air. 
Dissolving the deteriorated LAI1 in ether, followed by filtration and evap¬ 
oration of the ethereal solution to dryness in vacuo at 7080° gives a 
dark colored solid. The low decomposition temperature is considered 
indicative of the formation of unstable aluminum hydride by the action of 
light or air on lithium hydride present as an impurity in the LAH. 

LAH has been postulated as a complex salt 

Li®lAlHj G 
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Infrared and Raman spectra have indicated a tetrahedral structure for the 
aluminohydride (AllI/') ion in ether solution (43). Paddock (44) has 
shown the presence of ions in ethereal solutions of LAH by determination 
of the specific conductivity. The value for a molar solution of LAII was 
4.43 x 10 r “ ohm" 1 cm" 1 at 15 ° which may be compared with the value of 
6.14 x 10" 5 ohm" 1 cm" 1 for a molar solution of ethyl magnesium bromide 
at 20°. 

LAH appears to be somewhat less polar than lithium borohydride which 
has been shown by x-ray diffraction measurements to consist of lithium 
ions and tetrahedral borohydride ions (45). Wiberg (46) considered LAH 
as a double hydride LiH - Al!l a and has advanced a homopolar structure (I) 
while a covalent structure (II) has also been proposed (47). 
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Ebullioscopic measurements have shown that the value obtained for 
the molecular weight of LAI I in ether is a function of the concentration 
of LAH. In an 0.08 molar solution a dimeric molecule (LiAlliJ, is in¬ 
dicated, while a tenfold increase to a 0.8 molar solution indicates a 
rrimeric molecule (LiAlH 4 ) 3 . This is explained by an increase in the num¬ 
ber of hydrogen bridges with increased LAH concentration (35). 

\ \ / 

;ai-h + h-aj( ;ai; ;ai( ( 2 - 23 ) 

LAH may be heated without appreciable decomposition to temperatures 
below 100 J in vacuo. At 150° decomposition results in the evolution of 
hydrogen and the formation of lithium hydride and aluminum (1-4,48). 

LiAlM 4 -> LiH + A1 + 1.5 H a (2-24) 

Garner and Haycock (49) have intensively studied the thermal decomposi¬ 
tion of LAH and conclude that there are three stages: (a) an initial sur¬ 
face reaction during the induction period, followed by ( b) an interface re¬ 
action giving an S-shaped pressure against time curve, corresponding to 
the reaction 

LiAlH 4 — LiAlHj + H a (2-25) 

and (c) a slow process during which a third hydrogen atom is liberated. 

LiAIH, -+ LiH + AI + } H. (2-26) 

The initial reaction, which is rapid at first and then slows down to a con- 
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scant rate, occurs to the extent of about 0,7% of the total decomposition 
and penetrates the surface to a depth of several molecular layers. In the 
surface reaction the loss of hydrogen results in the formation of surface 
defects which aggregate and collapse to give nuclei at which a normal 
interface reaction proceeds. 

The decomposition indicated in equation (2-24) occurs in ether solution 
at room temperature in the presence of finely divided titanium, silicon, 
iron, copper, aluminum, boron (4), mercury (50), or silver (51). This de¬ 
composition can be prevented by the addition of excess lithium hydride 
to produce a stabilized LAH solution which is unchanged after several 
months (4). 

The density of LAH at 25 determined by displacement of toluene, is 
0.917 g./cc. The specific heat is 0.48 ± 0.01 cal./g./deg. The stand¬ 
ard heat of formation is reported to be -24.08 kcal./mole at 25° (21). 

Examination of the nuclear magnetic resonance in LAH has shown that 
at room temperature the width of the resonance absorption line is 8.7 
gauss (52). 

LAH is soluble in compounds of the ether class. The reported solu¬ 
bilities, in grams per 100 g. of solvent at 25 °, are as follows (1): 


Diethyl ether 
Tctrahydrofuran 
Dibutyl ether 
Dioxane 

Ethylene glycol dimethyl ether 


25-30; 0.83 molar (53) 
13 
2 

0.1 

1.1 molar (53) 


Other ethers have been used in carrying out LAH reactions. These are 
considered in Section 17. Ethereal solutions arc miscible with some hy¬ 
drocarbons, permitting reactions to be carried out in which reactants are 
ether-insoluble but hydrocarbon-soluble, 

2.1,3-b Aluminum hydride . As discussed in Section 2.1.1 .b, mono¬ 
meric aluminum hydride exists in ether solution but spontaneously pre¬ 
cipitates as a solid polymeric (AIIIJ*. Ebullioscopit molecular weight 
determinations on freshly prepared ether solutions indicate the presence of 
monomeric aluminum hydride, probably in the form of an etherate 
A1H 3 • 2((yy 2 0. The monomeric etherate cannot be isolated from the so¬ 
lution since evaporation of the solvent ether releases part of the ether 
bound in the etherate and results in the precipitation of the polymeric 
hydride (29). 

The monomeric aluminum hydride can be stabilized with excess cri- 
methylamine in the form of a solid diaminate (III), 


Hv ,N(CH 3 ) 3 

H / N (CJlj) 3 

III 
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whereas with a 1: 1 ratio of aluminum hydride and tri methyl amine a solid 
aminate is formed which, in benzene solution, appears to be an aminate 
of dimeric aluminum hydride (IV). 

H \ / H 

(ch,)j n-.. v aK ;ai..--n(ch,) j 

W "'It H 

IV 

In ether solution the hydrogen bridge is apparently broken to form the 
adduct 


H\ ,n<c:h,) s 

h-^ai: 

IK '0(C,II,)j 

V 

Evaporation of the ethereal solution of rhe aminare-etherare (V) yields 
the dimeric aminate (IV) in contrast to the conversion of the amine-free 
etherate to polymeric (A1H 3 ) X . 

Gibb (54) has postulated the product of reaction of LAH with aluminum 
chloride as a very highly ionized addition or coordination compound of 
aluminum hydride with LAH, possibly containing ether of constitution. 
F’urther, aluminum hydride is postulated as existing in an unstable ionized 
form, presumably as aluminohydride ion, which rapidly is transformed to 
the stable polymeric form (28,54). 

The polymeric (AlH 3 ) x has been postulated as the product of the poly¬ 
merization of the monomeric material by the continued formation of hydro¬ 
gen bridges, with each aluminum atom coordinated with six hydrogen 
atoms (31). 


>AL 


S H 



Ml' Al\ 

H' V 

/Al*' S AJ( 

VI 

The polymeric hydride is stable to 110-160°, dependent upon the de¬ 
gree of polymerization. Above this temperature quantitative decomposi¬ 
tion to metallic aluminum and hydrogen occurs. 

(AJHj)* x A1 + ]|xH a 


(2-27) 
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2.2 SODKJM BOROHYDRIDE 


2.2.1 Preparation 

In contrast to the limited number of methods available for the prepara¬ 
tion of LAH, sodium borohydride may be prepared by a variety of methods 
which have, for the most part, been the result of the work of II. I. 
Schlesinger and H. C. Brown, and their co-workers. 

Sodium trimethoxyborohydride is the starting material for several syn¬ 
theses of sodium borohydride. The trimethoxyborohydride may be pre¬ 
pared by the reaction of sodium hydride with refluxing methyl borate 
(5*S—5B) or by treatment of metallic sodium with a mixture of hydrogen and 
methyl borate at 250° under pressure (59). 

NaH + B(OOJ 3 ) 3 —> NaBH(OCH,) s (2-28) 

2 Na 4 H a + 2 B(OCH s ) s -► 2 NaBH(OCH 3 ) 3 (2-29) 

Sodium trimethoxyborohydride reacts rapidly and almost quantitatively 
with diboranc to form sodium borohydride (55-58,60). 

2 NaBIKOCiy, 4 B a H fc — 2 NaBH 4 + 2 B(OCII 3 ) s (2-30) 

The reaction proceeds so rapidly that ir may be used to absorb diborane 
almost completely from a stream of gas containing a relatively low con¬ 
centration of diborane. Dimethoxyborine, which may be present in the gas 
stream, reacts in a similar manner with the trimerhoxy derivative (60). 

NaBHfOCHj), 4 3 (CIl 3 0) a BH NaDH 4 4 - 3 B(OCH 3 ) 3 (2-31) 

The diborane utilized in equation (2-30) may be prepared by the arc proc¬ 
ess from hydrogen and boron tribrornide vapor (6l) or by the reaction of 
sodium, potassium, lithium, or magnesium borohydrides (62) or sodium, 
lithium, or potassium trimethoxyborohydrides (62,63) or lithium (63,64) or 
sodium (63) hydrides, or lithium aluminum hydride (1,65) and boron tri¬ 
fluoride echerate. 

The reaction of sodium hydride with sodium trimethoxyborohydride at 
250-270° yields 78?o sodium borohydride, which is extracted with iso- 
propylamine (59,66). 

NaBH(OCH 3 ) 3 + 3 NaH -> NaBH 4 f 3 NaOCH 3 (2-32) 

By disproportionation of sodium trimethoxyborohydride at 230° an equi¬ 
librium mixture of products, including sodium borohydride, is obtained. 

4 NaBH(OCH 3 ) s -► NaBII 4 + 3 NaB(OCH 3 ) 4 (2-33) 

To drive reaction (2-33) ro completion the sodium tetramethoxyborohydride 
must be decomposed according to equation (2-34) 


NaB(OCH s ) 4 ;=> NaOCH, 4 B(OCH s ) s 


(2-34) 
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and the methyl borate must be continuously removed in vacuum. Even 
under these conditions the reaction is not clean-cut! since some dime- 
rhoxyborine is evolved according to the equation: 

NaBH(OCH 3 ) 3 —> NaOOI 3 4 (CH a O),BH (2-35) 

and pure sodium borohydride is not obtained (56,58,59). 

The reaction of sodium tetramethoxybotohydride, prepared from the tri- 
methoxyborohydride and methanol, with diborane yields 85% sodium boro¬ 
hydride (60,67). 

3 NaB(OCH 3 ) 4 4 2 D a H« 3 NaBH 4 + 4 B(OCH 3 ) 3 (2-36) 

The methyl borate is accompanied by a by-product, dimethoxyborine, which 
may result from the secondary reaction of diborane and methyl borate (60). 

B a H 6 4 4 B(OCH 3 ) a 6 BH(OCH 3 ) 2 (2-37) 

The reaction of sodium tetramethoxyborohydride witli sodium hydride at 
250° yields 66% sodium borohydride of 91% purity (59). 

NaB(OCH 3 ) 4 + 4 NaH —► NaBH 4 + 4 NaOCH, (2-38) 

Sodium methoxide, prepared by the decomposition of sodium tetrame¬ 
thoxyborohydride at 210-240°, rapidly absorbs diborane to form sodium 
borohydride with considerable evolution of heat (58,60,68). 

NaB(OCH 3 ) 4 NaOCH 3 4 D(OCH 3 ) 3 (2-39) 

3 NaOCU 3 4 2 B a H fi -* 3 NaBH 4 4 B(OCH 3 .) 3 (2-40) 

Dimethoxyborine, probably formed according to equation (2-37), is iso¬ 
lated as a by-product. The reaction of the methoxide is interpreted (55) 
as consisting of the primary formation of an acid-base complex in which 
the methoxide ion is the basic substance. 

NaOCII, + { B a H, -»• NaBH,(OCH,) (2-41) 

followed by the reactions: 

NaBHjfOCIIj) + i-B.H, -» NaBH 4 + BH^OCH,) (2-42) 

i BH 2 (0CI1,) -*• D,M, + B((X:H,), (2-43) 

Sodium hydride and methyl borate in the correct proportions undergo a 
rapid reaction at 225-275 ° to produce sodium borohydride of high purity 
and in a yield of 94%, according to the equation (58,59,66): 

4 NaH 4 B(OCH 3 ) 3 —► NaHH 4 4 3 NaOCH 3 (2-44) 

The sodium borohydride may be extracted from the reaction mixture by 
liquid ammonia or isopropylamine in which the borohydride is very solu¬ 
ble, but in which the methoxide is almost insoluble. The methyl borate in 
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equation (2-44) may be replaced by higher esters such as ethyl and 72 - 
butyl borate. The sodium borohydride prepared from the alkyl borates 
may be brought to a high state of puriry by recrystallization from water as 
the dihydrate or by recrystallization from isopropylamine (59). A major 
portion of the impurities may be removed by treatment of the impure boro¬ 
hydride with diborane to produce low boiling alkyl borates which are re¬ 
moved by distillation (69). The isopropylamine solution of the borohy¬ 
dride may be treated to effect purification before isolation of the solid 
borohydride. The addition of water equivalent to 50% by weight of the 
impurities results in the precipitation of a compound insoluble in the or¬ 
ganic solvent. The alkyl alcohol formed by the reaction of water with the 
dissolved impurities or the excess water or both arc removed by the addi¬ 
tion of calcium hydride, barium oxide, calcium sulfate hemihydrate, acti¬ 
vated alumina or silica gel, which are insoluble in the solvent but which 
react rapidly with the water or alkyl alcohol forming an insoluble product. 
Color is removed from the solution of sodium borohydride with active car¬ 
bon or charcoal, following which the solvent is evaporated to yield the 
borohydride in fairly high purity (70). 

Several methods which give sodium borohydride in somewhat lower 
yield than those discussed heretofore have been examined. The reaction 
of metallic sodium with a mixture of hydrogen and methyl borate at 240- 
250° in the approximate proportions required by the reaction 

4 Na + 2 H, + B(OCH 3 ), —► NaBH 4 4- 3 NaOCJI 3 (2-45) 

gives sodium borohydride contaminated with sodium trimethoxyborohy¬ 
dride, produced according to equation (2-29) (59,66). By grinding sodium 
hydride and boric oxide together in a ball mill at 330-350° for 20 to 48 
hours, an approximately 60% yield of sodium borohydride has been ob¬ 
tained (59,66). 

4 NaH + 2 J3 a O, -* 3 NaBO a + NaBH 4 (2-46) 

All attempts to prepare sodium borohydride by a reaction between so¬ 
dium hydride and diborane have been unsuccessful (60). 

Stock and Lautlenklos (71) reported that the reaction of diborane and a 
sodium amalgam gave a compound which they called disodium diborane. 
Kasper, McCarty, and Newkirk (72) repeated the preparation and found 
that the product is sodium borohydride. 

In an investigation of the disproportionation reactions of the dimethyl- 
aminoboron hydrides, Burg and Randolph (73) reported that the reaction of 
N,N-di methyl aminoborine with sodium hydride at 110° gave bis- 
dimethylaminoborine and sodium borohydride. 

2 (CH s ) a NBJI a 4 NaH —> NaBH, + [(CH s ) a Nl a BH 


(2-47) 



16 


PREPARATION AND PROPERTIES 


2.2 


The purity of the borohydride obtained in this manner was not further 
investigated. 

The reaction of sodium hydride and boron crifluoride etherate at temper¬ 
atures up to 100°, according to the equation 

6 Nall + 8 BF 3 :0(C a U B ) a -+ 6 NaBF 4 + B a H 8 + 8 (C a H a ) a O (2-48) 

serves for the preparation of diborane (63). Goubeau and Bergmann (74) 
reported that the compound, NaBHF 3 , formed at 200 from sodium hydride 
and boron trifluoridc, can react further with sodium hydride at 200° to 
form NaK a BF a , and that sodium borohydride can probably be prepared by 
the following sequence, although these authors did not actually prepare 


the borohydride. 

Nall + BF 3 NaBHFj (2-49) 

NaBHF 3 + Nall NaBH a F a + NaF (2-50) 

NaBJH a F a + NaH NaBH,F + NaF (2-51) 

NaBHjF + NaH NaBH, + NaF (2-52) 

Wicrig and Hornberger (75) prepared sodium borohydride in 85-90% yield 
by the reaction of 0.33 mole of sodium hydride and 0.05 mole of boron 
trifluoride etherate in ether in a bomb tube at 125°. 

4 NaH + BF 3 -► NaBH 4 + 3 NaF (2-53) 


The direct exchange of solid sodium borohydride with a hydrogen- 
tritium mixture at 350° yields the isotopic compound, NaPH 4 -t, with an 
approximately statistical isotopic distribution (76). 

The purification of sodium borohydride prepared by any of the preced¬ 
ing reactions can be carried out by recrystallization from water as the di- 
hydrace, NaBH 4 ■ 2H a O. The water may be removed from the dihydrate in 
vacuo to give sodium borohydride of high purity (60). Although the boro¬ 
hydride is soluble in several amines, recrystallization from isopropyl¬ 
amine is particularly satisfactory for the preparation of pure material 
(21,60). 

2.2.2 Analynis 

Measurement of the amount of hydrogen evolved upon acidification of 
an aqueous solution of sodium borohydride serves as a fairly accurate 
method for the analysis of the borohydride (21,60,77). 

NaBH 4 + 2 H a O 4 11, + NaBO a (2-54) 

The boron and sodium in the resulting solution can be determined by the 
usual procedures (60). 

The same reaction can be made the basis of a volumetric procedure in¬ 
volving titration with a standard solution of hydrochloric acid using 
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methyl red as an indicator. The end point is reported to be sharp and the 
precision better than 0.1% (21). The boric acid in the solution, resulting 
from the titration with hydrochloric acid, can be titrated with a standard 
solution of sodium hydroxide in the usual manner using phenolphthalein 
indicator and mannitol. The precision of this method of analysis, how¬ 
ever, is less than that of the titration with hydrochloric acid (21). 

Matthews (78) utilized an analytical procedure based upon the titration 
of sodium borohydride with a solution of iodine in a buffered solution at 
pH 7.0. Although no details are given in the publication, it has been 
pointed out (79) that the method appears to be limited to pH 7.0, a pH at 
which sodium borohydride is less stable than in alkaline medium. 

The reduction of iodate with borohydride is the basis of a volumetric 
assay of sodium borohydride based on the equation (79) 

3 BH/“ + 4 IO- —> 4 1“ + 3 H a B0 3 - + 3 H a O (2-55) 

The sample of borohydride, either solid or in alkaline solution, is added 
to an excess of a standard potassium iodate solution. If solid sodium bo¬ 
rohydride is used, alkali must be added to the iodate. Potassium iodide 
is then added, followed by acid, and the liberated iodine is titrated with 
standard thiosulfate. A large excess of iodate is required for a quantita¬ 
tive determination. 

A somewhat analogous reaction has been proposed (80) involving the 
direct titration of a sodium borohydride solution with a standard sodium 
hypochlorite solution, using Bordeaux red as an indicator. 

h + + bh 4 - + 4 oar —► 4 cr + h,ro, + n a o ( 2 - 56 ) 

The pH of the solution during the titration, maintained with a carbonate 
buffer, is critical, having an optimum value in the range 9-6 to 10-3- 

2.2.3 Properties 

Sodium borohydride is a white crystalline, salt-like solid of remarkable 
stability. X-ray diffraction data as well as infrared absorption data indi¬ 
cate chat the substance exists in an ionic lattice of tetrahedral boro¬ 
hydride ions and sodium ions, Na + RH 4 ~ (81-83)- The crystal structure 
is face-centered cubic, a = 6.14 A, the unit cell containing four sodium 
and four boron atoms (81). Measurement of the nuclear magnetic reso¬ 
nance yields a value of 6.0 gauss for the width of the resonance absorp¬ 
tion line (52). 

The solid borohydride is stable in dry air to 300°. No apparent change 
occurs in vacuum at temperatures approaching 400°. Above 400° a rela¬ 
tively slow evolution of hydrogen occurs (60). 7'he decomposition be¬ 
comes rapid above 550° giving principally hydrogen and traces of di- 
borane (84). The solid borohydride ignites from a free flame in air and 
burns quietly. 
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The density of sodium borohydride has been reported to be 1.074 (81) 
and 1.08 (21) g./cc. The specific heat is 0.55 ± 0.01 cal./g./deg. and 
the standard heat of formation is -43-83 ± 0.07 kcal./moJe (21). The re¬ 
duction potential is reported to be -0.43 volt in acid solution and -1.37 
volts in basic solution (84). 

Sodium borohydride dissolves in cold water wirhout extensive evolution 
of hydrogen and may be crystallized as a dihydrate in the cold. At room 
temperature and higher, the hydrolysis proceeds more rapidly although the 
material is fairly stable in basic solution. No appreciable reaction with 
water at room temperature occurs above pH 11.5. The reaction of sodium 
borohydride with water is discussed in Section 3.1. 

In contrast to the slow reaction with water ar room temperature, the 
borohydride reacts at an appreciable rate at -40° with methanol (60). 

NaBH 4 + 4 CHjOH Nafl(OCH 3 ) 4 + 4 H a (2-57) 

The borohydride is not appreciably soluble in diethyl ether, dioxane, 
diethyl cellosolve, ethyl acetate and methyl borate. It is very soluble in 
liquid ammonia and in the lower aliphatic amines. The reported solubili¬ 
ties, in grams per 100 g. of solvent at the indicated temperatures, are as 
follows (60): 


Solvent 

Temp., T: 

Solubility 

Vlater 

20 

55 

Ethyl alcohol 

20 

4 (reacts slowly) 

Isopropyl alcohol 

20 

0.25 (reacts slowly) 

Liquid ammonia 

25 

104 

Mcthylamine 

-20 

27.6 

Ethylamine 

17 

20.9 

n-Propylamine 

28 

9.7 

Isopropyl amine 

28 

6.0 

n-Butylamine 

28 

4.9 

Ethylene diamine 

75 

22 

Cyclohexyl amine 

28 

1.8 

Aniline 

75 

0.6 

Pyridine 

25, 75 

3.1, L4 

Morpholine 

25, 75 

1.4, 2.5 

Acetonitrile 

28 

0.9 


2.3 POTASSIUM BOROIIYIHUDE 


2.3.1 Preparation 

Potassium borohydride is prepared by the action of diborane on potas¬ 
sium tetramethoxyborohydride. The latter is obtained by the reaction of 
potassium methoxide with methyl borate (60,67). 

KOCH, 4 B(OCH 3 ) 3 KB(OCH,) 4 (2-58) 

3 KB(OCH s ) 4 4 2 Bjllg -► 3 KBH 4 + 4 B(OCH 3 ) 3 (2-59) 
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The borohydride is accompanied by dimethoxyborine resulting from the re¬ 
action of diborane and methyl borate (equation 2-37). 

In contrast to the behavior of sodium methoxide prepared by decompo¬ 
sition of sodium tetramethoxyborohydride, potassium methoxide, prepared 
by the action of metallic potassium on methanol, does not react with di¬ 
borane (60). Schlesinger and Brown and their collaborators (55) have 
pointed out that the physical state of the material is an important factor 
in these reactions. Consequently, the reactions of diborane with sodium 
methoxide prepared by the reaction of sodium with methanol, as well as 
its reaction with potassium methoxide prepared by decomposition of po¬ 
tassium tetramethoxyborohydride, should be studied. 

Attempts to prepare potassium borohydride by the action of diborane on 
potassium hydride within the temperature range 185-200° have been re¬ 
ported to be unsuccessful (85). 

fly allowing aluminum borohydride to remain in contact with potassium 
chloiide for 40 hours, the borohydride was absorbed to an extent which 
indicated that the reaction 

A1(BMJ 3 + 3 KCI 3 KBH 4 + MCI, (2-60) 

had proceeded about 59/t to completion although the potassium compound 
was not actually isolated (86). 

2.3.2 Analysis 

An aqueous solution of potassium borohydride, heated to 100°, liber¬ 
ates hydrogen which can be quantitatively measured (60). The residual 
solution can be analyzed for potassium and for boron in the usual manner. 

Since the behavior of potassium borohydride is similar to that of the 
sodium salt, the methods suitable for the analysis of the latter should be 
applicable to the assay of the potassium salt. The direct volumetric as¬ 
say with standard sodium hypochlorite (equation 2-56) has been applied 
to potassium borohydride (80). 

2.3.3 Properties 

Potassium borohydride is a white crystalline material which is non- 
hygroscopic and stable in moist and dry air. Decomposition without melt¬ 
ing occurs at about 500° in vacuum with evolution of hydrogen. Above 
500 potassium distills off. Ignition from a free flame in air results in 
quiet burning. The solid borohydride will not ignite at 300° except by a 
free flame. 

IS'ater solutions of the borohydride are stabilized up to the reflux tem¬ 
perature by the addition of base. The material has a negative heat of 
solution and is soluble in water, alcohol and liquid ammonia and gener¬ 
ally insoluble in ethers and hydrocarbons (87). 
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2.4 LITHIUM BOROlIYDKIhH 

2.4.1 Preparation 

Lithium borohydride may be prepared, on a small scale, by the action 
of gaseous diborane or aluminum borohydride on ethyllithium (88): 

3 LiC a H a 4 2 B a li fi -4 3 LiBH 4 + (C 2 i; s ) 3 B (2-61) 

3 LiC a H 5 + A1(3H 4 ) 3 3 LiBH 4 + (C: a ll a ) a Al (2-62) 

In the absence of solvents, no reaction between diborane and lithium 
hydride occurs, even at elevated Temperatures and pressures. In the pres¬ 
ence of diethyl ether, diborane is quantitatively absorbed by the hydride 
with the formation of the monoetherate of lithium borohydride in a state 
of high purity (60,64,89). 

2 LiH 4 iyi 6 + 2(C: a H i ) J 0 ~4 2 LiBII 4 • (C 2 II 5 ) 2 0 (2-63) 

The ether may be removed by heating the erherare to from 70 to 100 w in 
vacuo . 

The reaction of lithium methoxide, prepared by the action of the metal 
on methanol, with diborane proceeds slowly. Lithium ethoxide, on the 
other hand, reacts rapidly and completely with the evolution of consider¬ 
able heat (5*5,60). 

3 LiOC 2 !l 5 f 2 Ii a Jl 4 3 LiOI! 4 4- B(OC a H a ) a (2-64) 

Lithium cetramethoxvborohydride, obtained by treating the methoxide 
with excess methyl borate and then removing the excess in vacuo , reacts 

slowly with diborane to yield impure lithium borohydride which can be 

purified by recrystallization from ether (60,67). 

LiOCH 3 + B(OCH a ) a LiB(OCH a ) 4 (2-65) 

3 LiB(Ot:Hj ) 4 4 2 n a li fi -4 3 LiBH 4 + 4 B(OCIJ a ) a (2-66) 

The reaction of lithium hydride with methyl borate at 100° yields lith¬ 
ium trimethoxyborohydride, according to the equation 

LiH 4 B(OC H 3 ) s LiBH((X.:Hj) I (2-67) 

Treatment of the trimethoxyborohydride with diborane and distillation of 
the methyl borate yields 85% lithium borohydride (57). 

2 LiBH(CX H 3 ) 3 ♦ B a H fi -4 2 LiBJl 4 4 2 B(OCH 3 ) 3 (2-68) 

The reaction in equation (2-67) does not proceed smoothly, the product is 
not homogeneous and appears to undergo relatively rapid disproportiona¬ 
tion and other types of decomposition at the temperatures required for its 
formation. 


2 LiBH(OCH,) a -4 LiB(OCH 3 ) 4 + LiBH,(OCH a ), 


(2-69) 
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Ac 200° the trimethoxyborohydride produces methyl borate and dimethoxy- 
borine (56). 

The reaction between lithium hydride and methyl borate at 225-275 ° 
yields 70% lithium borohydride as contrasted with 90-94% in the case of 
sodium borohydride (59). 

4 LiH + B(OCH,), I-iBl l 4 + 3 LiOCH B (2-70) 

Difficulties are encountered in attempting to extract the borohydride from 
the crude reaction mixture. The borohydride has also been prepared by 
the reaction of tributyl borate with lithium hydride (75). 

Lithium borohydride may be prepared from the sodium salt by meta¬ 
thesis in solution. Addition of a small excess of lithium chloride to a 
solution of sodium borohydride in methyl-, ethyl-, or isopropylamines re¬ 
sults in the precipitation of sodium chloride. Evaporation of the solution 
followed by an extraction with ethyl ether yields 90-95% lithium borohy¬ 
dride of 07-08% puriry (86). 

NaDH 4 + Li Cl LiFUJ, ■< NaCI (2-71) 

Moron trifluoride etherate reacts with lithium hydride at temperatures 
up to 100° to form dibotane in accordance with the overall equation (62- 
64,90,0]) 

6 LiH + 8 BE, -> 6 LiBF 4 + I3 2 H 6 (2-72) 

ether 

\Uien the reaction is carried out at lower temperatures, considerable 
amounts of lithium borohydride are formed (63,91). Lithium borohydride 
has been shown to be an intermediate in the production of diborane from 

boron trifluoride etherate and lithium aluminum hydride (65) as well as 

lithium hydride (64). By suppressing the formation of diborane or by pre¬ 
venting the escape of the gas by the use of pressure to force the reaction 
between lithium hydride and diborane, the hydride is converted completely 
to lithium borohydride and lithium fluoride (64,75,92,93). 

4 Lill + BE, -► LiBH 4 + 3 LiF (2-73) 

Direct exchange of solid lithium borohydride with a hydrogen-tritium 
mixture occurs at 200° to yield the isotopic compound, LiBH 4 -t, contain¬ 
ing an approximately statistic isotopic distribution (76). 

Lithium borohydride may be purified by recrystallization from isopro¬ 
pylamine or diethyl ether. Solution of the borohydride in the ether and 
evaporation of the filtered solution yields a crystalline monoetherate. 
By heating the etherate to 100° in vacuo the ether is readily removed and 
the residual lithium borohydride is analytically pure (21,60). 
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2.4.2 Analysis 

Treatment of lithium borohydride with methanol proceeds smoothly to 
yield hydrogen, as the only volatile product, accompanied by lithium 
boromethoxide. 


LiBH 4 + 4 CHjOH LiD(OCH 3 ) 4 + 4 H a (2-74) 

Upon heating the non-volatile residue methyl borate is liberated. 

LiB(OCH s ) 4 B(OCHj) a + LiOCH, (2-75) 

This substance is treated with water and the boron estimated as boric 
acid by titration with barium hydroxide solution. The non-volatile lith¬ 
ium salt is determined as lithium hydroxide by titration with dilute hydro¬ 
chloric acid (88). 

Hydrolysis of lithium borohydride quantitatively yields hydrogen ac¬ 
cording to the equation (21,60,64) 

LiBH 4 + 4 H a O —► 4 H 2 + LiOH H a BO s (2-76) 

The aqueous solution is analyzed for lithium by titration with acid (21, 
64) and boric acid is determined, after mannitol addition, by a potentio- 
metric titration (64) or by titration with a standard solution of sodium hy¬ 
droxide using phenolphthalein indicator (21). 

A cobaltous chloride-catalyzed hydrolysis results in a more rapid evo¬ 
lution of hydrogen, as depicred in equation (2*76) (64,94). 

2.4.3 Properties 

Lithium borohydride is a white crystalline salt-like solid. X-ray dif¬ 
fraction data and infrared absorption spectra indicate the presence of an 
ionic lattice containing tetrahedral borohydride ions, Li* BH 4 ~ (45,82, 
83,88,95). The crystal structure is orthorhombic with the cell dimen¬ 
sions a = 6.81 A, b = 4.43 A, and c - 7.17 A (45). The width of the 
resonance absorption line at room temperature is reported to be 6.0 gauss 
(52). 

Lithium borohydride is quite hygroscopic and may occasionally ignite 
on contact with water. A coating of white oxide will form on all surfaces 
within 2-3 minutes after initial exposure (96). Contact with celluJosic 
material, e.g., paper and cloth, is reported to result in spontaneous com¬ 
bustion within two minutes, consuming both cellulosic material and any 
hydride attached thereto or in immediate vicinity of the fire (96). 

The compound melts at 284° with decomposition and exerts no appreci¬ 
able vapor pressure at temperatures up to this point (88). Prolonged heat¬ 
ing in vacuo above 200°, however, results in decomposition (96). Ther¬ 
mal decomposition becomes appreciable at from 250 to 275 , and seems 
to involve an intermediate reversible step in which a compound LiBH a is 
formed (1). 
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The density of lithium borohydride has been reported to be 0.66 (45) 
and 0.681 (21) g./cc. The specific heat is 0.84 ± 0.0] cal./g./deg., and 
the standard heat of formation is -44.15 ^ 0.30 kcal./mole (21). 

The borohydride is soluble (with reaction) in the lower alcohols (equa¬ 
tion (2-74)). The solubility per 100 g. of solvent is approximately 2.5 g. 
at 19° (60), 3 g» at 25 ° (97) in diethyl ether (forms monoetherate), 3-4 g. 
at 25° in isopropylamine (60) and 28 g. at 25° in tetrahydrofuran (97). 
The latter is the preferred solvent for organic reductions. 

2.5 SODIUM TRIMETHOXYBOROHYDRIDE 

2.5.1 Preparation 

The exothermic reaction between sodium hydride and refluxing methyl 
borate proceeds with moderate rapidity and with a great increase in the 
bulk of rhe solid to quantitatively yield sodium trimethoxyborohydride 

(56,58,98). 

NaH 4- 13(001,), -► NaBIKOCH,), (2-77) 

Treatment of metallic sodium with a mixture of hydrogen and methyl 
borate at 250 l1 under pressure gives good yields of the trimethoxy de¬ 
rivative (59). 

2 Na + H a 4- 2 B(OC:H,) 3 2 NaUII(Oai,) 3 (2-78) 

The salt may be purified by recrystallization from liquid ammonia or 
from isopropylamine. 

2.5.2 Analysis 

Hydrolysis of the salt in warm water or In acidified cold water yields 
one mole of hydrogen per mole of salt. The compound is analyzed for 
base and for boron by titration of an aqueous solution, first by acid to the 
methyl red end point and after addition of mannitol, to the phenolphtha- 
lein end point by carbonate-free base (56). 

2.5.3 Prope.rti es 

Sodium trimethoxyborohydride is a microcrystalline white solid which 
is stable in dry air and only slowly attacked by air of average humidity. 
After exposure to humid air, traces of hydrogen gas are evolved. After 
the initial vigorous reaction which results on dissolving the compound in 
cold water, additional hydrogen is generated only slowly. Water can there¬ 
fore be used as a solvent for the reaction between aqueous solutions of 
various metal ions and sodium trimethoxyborohydride. 

The decomposition of the rrimetlioxyborohydride at its melting point 
230° yields sodium borohydride and the evolution of methyl borate (equa¬ 
tions 2-33, 2-34 and 2-35) (56,59). 
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The trimethoxyborohydride reacts with methanol rapidly and completely 
in the cold to liberate hydrogen (56). 

NaBH(OCH a ) a + CH s OH —> NaB(OCH s ) 4 + H a (2-79) 

Although the rate of hydrogen evolution in the hydrolysis of borohydrides 
decreases with the increasing basicity of the solution, in the reaction 
with methanol the neutral product does not appreciably alter the acidity 
of the mixture resulting in a uniform rate of hydrogen evolution. 

The approximate solubilities of sodium trimechoxyborohydride in grams 


per 100 g. of solvent arc 

as follows (56): 


Solvent 

Temp., °C. 

Solubility 

Pyridine 

24, 75 

0.4, 3.0 

Morpholine 

24, 75 

0.3, 2.3 

Dioxane 

25, 75 

1.6, 4.5 

Isopropyl amine 

25 

9.0 

Ethylene diamine 

25, 75 

0.2, 0.2 (W) 

Liquid ammonia 

-13 

5.h 


2.6 OTHER COMPLEX METAL HYDRIDES 

Numerous other complex metal hydrides containing aJuminohvdridc and 
borohydride ions have been prepared by metathetica! reactions utilizing 
inorganic halides and LAI! and alkali metal borohydrides, respectively. 
The majority of these hydrides, discussed in Section 3-14, have been pre¬ 
pared so recently that very little has been reported regarding their reac¬ 
tions and possible utility as reducing agents. A number of these com¬ 
pounds are stable only at extremely low temperatures so that their po¬ 
tentialities are obviously limited. In addition to those hydrides discussed 
heretofore a number of others have been utilized, although only to a 
limited extent, in the reduction of inorganic and organic compounds. The 
preparation and some properties of these hydrides are briefly discussed 
in this section. 

2.6.1 Magnesium aluminum hydride 

This is prepared by treatment of the etherate of magnesium bromide 
with an ethereal solution of LAH (31,46): 

MgBr a + 2 LiAlli 4 Mg(AlH 4 ) a + 2 LiBr (2-80) 

or by the reaction of an ethereal solution of excess magnesium hydride 
with an ethereal solution of aluminum chloride (31,46,100,101). 

4 Mgll a 4 2 A1C1 3 Mg(AlH 4 ) a + 3 MgCl a (2-81) 

With an excess of aluminum chloride the product is aluminum hydride 
(101). The magnesium hydride is prepared by the thermal decomposition 
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of diethyl magnesium (101-103) or ethylmagnesium halide (100,102,103) 
in vacuo at 175 » 

Mg(C a H s ) a MgH a + 2 C a JI 4 (2-82) 

2 C a H 5 MgX MgH a + MgX a + 2 C a l! 4 (2-83) 

by the reaction of diethylmagncsium with diborane (102) or LA11 (104) in 
ether, 

3 Mg(C a iI 5 ) a 4 B a H 6 3 MgH a + 2 B(C 2 H 5 ) 3 (2-84) 

2 Mg(C 2 ll 5 ) a 4 Li AIM, -4 2 Mgll a 4 LiAl(C a JI 5 ) 4 (2-85) 

by the reaction of an ethereal solution of magnesium chloride with lithium 
hydride (105) 

MgCI 2 4 2 LiII —► MgH a 4 2 LiCl (2-86) 

or from the elements at 570° and 200 atm. pressure in the presence of 
magnesium iodide (106) 

Mg + H 2 ~- Ij ' MgHj (2-87) 

Magnesium aluminum hydride is a white solid which is stable up uo 

140"’. Above this temperature, and especially at 200 °, the complex hy¬ 

dride decomposes into magnesium hydride, aluminum and hydrogen (100). 

Mg(AlH 4 ) 2 MgH a 4 2 Al 4 3 H, (2-88) 

The hydride is postulated as possessing a resonance bridge structure 
similar to that proposed for LAll (46,103): 

H\ 

;ak >ai( 

VII 

and in ether solution is analogous to LAH in its reducing properties. 

2.6.2 Aluminum horohydridr 

This is an unstable non-polar liquid in which covalent structures make 
a bigger contribution than ionic structures (82,83,95,107-109). It can be 
prepared by the reaction of diborane with trimethyl aluminum (86,109,110), 
aluminum hydride (25,26) or lithium aluminum hydride (1). 

(CH s )jAl 4 2 P 2 H 6 (CH S ) 3 B + Al(BII 4 ) 3 (2-89) 

2 A1H 3 4 3 B 2 H 6 2 AI(B11 4 ) 3 (2-90) 

LiAlH 4 4 2 n 2 II 6 ^ LiBll 4 + A1(I3H 4 ) 3 (2-91) 

In addition aluminum borohydride may be prepared by the reaction of alu¬ 

minum hydride and boron trichloride (1) as well as by the action of alumi- 



26 


PREPARATION AND PROPERTIES 


2.6 


oum chloride or bromide on sodium, lithium, or potassium borohydrides 

( 86 , 111 ). 

4 All I, + 3 nCI 3 — A1(F1H 4 ) 3 4- 3 AICI 3 (2-92) 

3 MDH 4 + A1X 3 -► A1(BFI 4 ) 3 +■ 3 MX (2-93) 

The liquid aluminum borohydride, whose density at 0° is 0.569 g./cc. 
(112), melrs at —64.5° and has an extrapolated boiling point of 44.5° 
(110). The standard heat of formation, based on its vigorous reaction 
with warer, is—72.1 kcal./mole (113). 

The borohydride reacts with diethyl ether and trimethyl amine to yield 
an etherate and a rrimethylamminate, respectively, which decompose to 
yield mixtures of products other than the parent substances (110). 

Aluminum borohydride is an extremely hazardous material. The vapor 
of the compound ignites spontaneously on exposure to air containing only 
traces of moisture (86,110,114). In dry air the material is not spontane¬ 
ously inflammable at room temperature although higher temperatures in¬ 
duce vigorous decomposition (114). The induced combustion of olefins 
with aluminum borohydride occurs in dry oxygen, J-butene exploding after 
an induction period while 1,3-butadiene explodes immediately (115). Actu¬ 
ally, ethylene, propylene and 1-butene react with the borohydride in the 
absence of oxygen (116,117), and this is considered as the starting mech¬ 
anism of the explosive oxidation. 

A second hazard in the handling of aluminum borohydride results from 
the decomposition which evolves hydrogen at room temperature. Even 
chough the hydrogen evolution is slow, high pressures may develop in 
closed containers in the course of time (86). 

Although aluminum borohydride is required for the preparation of the 
borohydrides of heavy metals, such as uranium, thorium, hafnium, zirco¬ 
nium, and titanium, its hazardous nature is a deterrenr to its widespread 
usage. 

2.6.3 Lithium gallium hydride 

This is prepared by the reaction of excess, pow'dered lithium hydride 
with gallium chloride in ether solution (1,118). 

4 LiH 4 Gaf 1 3 LiGaH 4 4 3 LiCl (2-94) 

The compound forms a dietherate which is converted to a monoetherate on 
removal of the ether in vacuo . 

Lithium gallium hydride decomposes in a comparatively short time at 
room temperature, more rapidly at 150to yield metallic gallium (1,118). 

2 LiGaH 4 2 Till + 2 Ga + 3 H 2 (2-95) 

The finely divided metallic gallium makes the reaction autocatalytic. 

In ether solution the complex gallium ionic hydride is a milder reducing 
agent than LAH. 
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CHAPTER 3 


REACTIONS WITH INORGANIC REACTANTS 


3.1 WATER 

In the presence of excess water, lithium aluminum hydride reacts vig¬ 
orously with the evolution of hydrogen (1,2): 

LiAlH 4 -i 4 H a C) LiOH 4 Al(OH) 2 4 4 H 2 (3-1) 

This reaction is used as a basis for the analysis of LAH, as discussed 
in Section 2.1.2. The product of the reaction has also been represented 
as lithium aluminate (2,3). 

I-iAlfl 4 4- 2 H 2 0 LiAlO, 4- 4M a (3-2) 

The formation of a protective coating of aluminum hydroxide (1) or lithium 
aluminate (3) over the solid hydride is regarded as the cause of the rela¬ 
tively slow decomposition in moist air. 

According to the above equations, with water in excess, the mole ratio 
of Hj./lljO = 1.00. In the presence of small amounts of water, however, 
where LAH is in excess, the mole ratio of H 2 /H 2 0 = 1.50 to 1.60. This 
is explained by secondary reactions. 

6 LiA1H 4 4 15 H a O 6 LiOH 4 3 A1 2 0 3 + 24 H 2 (3-3) 

2 LiAlHj 4 5 H 2 0 LiOH 4 LiH(A10 2 ) 2 4 8 H* (3-4) 

By treatment of an organic liquid such as a hydrocarbon with a solution 
of LAH in diethylene glycol diethyl ether and measurement of the evolved 
hydrogen, the water content can be determined with a precision of i0 .005% 
in a concentration of 0.1% (4). 

The reaction of LAH in di-w-bucyl ether with heavy water at 0° has 
been used for the preparation of high puriry (97-99%) hydrogen deuteride 
(5-8). Among the by-products isolated have been hydrogen and deuterium 
(5). 

LiAIH, + 4 D a O LiOD 4 Al(OD), 4 4 HD (3-5) 

The use of sodium hydride in place of LAH in the reaction with heavy 
water reduces the yield of deuteride (5). 

The reaction of LAH with water containing tritium has been used for 
the assay of tritium activiry (9). This method has been utilized for the 
determination of tritium in cholesterol-H 1 and in samples doubly labeled 
with C 14 as well as H 3 . The dry sample is burned in a quartz combus- 
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tion vessel in a stream of oxygen. The tritium oxide-water mixture is 
collected in a trap and treated with LAH in carbitol to yield a hydrogen- 
tritium mixture. The H 3 activity is measured with a vibrating reed elec¬ 
trometer (10). 

The treatment of LAH with a dilute aqueous solution of hydrochloric 
acid has been utilized in the determination of the heat of formation of 
LAH (11). The equation involved in the calorimetric determination is 
represented as: 

LiAlH, + 10 (HC1 - 50 H a O) -► (LiCl + A1C1 S + 6 HCI). 500 H a O +4H a 

(3-6) 

Sodium borohydride dissolves in cold water without extensive evolu¬ 
tion of hydrogen and may be recrystallized as the dihydrate, NaBH 4 - 2 H a O, 
from aqueous solution. The water may be removed from the dihydrate in 
vacuo to give pure sodium borohydride. 

At higher temperatures sodium borohydride is hydrolyzed rapidly with 
the evolution of hydrogen (12,13)- 

NaBH 4 + 2 H a O NaBO a + 4 H a (3-7) 

A total of 2.37 liters of hydrogen (gas at S.T.P.) are liberated per gram 
of sodium borohydride (14). Addition of acid to the stable cold water so¬ 
lution of the borohydride, rapidly liberates the theoretical quantity of 
hydrogen. This may be used as the basis for the analysis of sodium 
borohydride by hydrolysis with dilute hydrochloric acid. 

NaBH 4 + 3 H a O + HCI H a BO s + NaCI + 4 H a (3-8) 

Sodium borohydride containing tritium, NaB^-t, has been analyzed by 
this method by determining the tritium content of the generated hydrogen 
(15). The heat of formation of the borohydride has been determined (11), 
by utilizing the following equation: 

NaBH« 4- 1.25 (HCI - 200 H a O) 

(NaCI + H s BO s + 0.25 HCI) - 247 H a O + 4 H, (3-9) 

In the absence of acid, the initial rare of hydrogen evolution decreases 
after a short time due to the increasing pH of the solution caused by the 
formation of the strongly basic metaborate ion. Thus, solution of the 
borohydride in a slightly basic solution largely prevents the initial gen¬ 
eration of hydrogen and permits the use of the reagent as a reducing 
agent in aqueous solution. 

The generation of hydrogen in the laboratory and in the field requires 
a rapid reaction and a convenient method of handling the reactants. The 
use of pellets, containing sodium borohydride and various accelerators, 
'permits the convenient and controlled generation of hydrogen (14,16). 
The incorporation of various solid acidic materials in the pellets results 
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in accelerated hydrolysis. The stronger the acid the greater the acceler- 
ation. The rate of hydrolysis is dependent on the pH and generally inde¬ 
pendent of the specific acids and salts used. Pellets containing equal 
weights of sodium borohydride and boric oxide are very effective, pos¬ 
sibly due to the reaction with the sodium metaborate to give the retraborate. 

NaBH 4 + 2 H 2 0 —> NaB0 2 + 4 H a (3-10) 

2 NaB0 2 + 8 2 0 3 Na 2 B 4 0 7 (3-11) 

Oxalic acid, succinic acid, phosphorus pcntoxide, and aluminum chloride 
are also effective accelerators, although disadvantages such as diffi¬ 
culty in pellet preparation or decreased stability are present in the use 
of these materials. 

Various metal salts are effective catalytic accelerators in the hydroly¬ 
sis of sodium borohydride. Pellets containing 3% of anhydrous cobaltous 
chloride are approximately as effective as pellets containing 50% by 
weighr of boric oxide. The reaction of cobaltous chloride with a boro¬ 
hydride solution results in the rapid evolution of hydrogen and the forma¬ 
tion of a black precipitate. This black material, whose analysis cor¬ 
responds to a cobalt boride, Co 2 B, appears to be the effective catalyst, 
rather than cobaltous chloride itself (14). 

The solubility of sodium borohydride in cold water has been utilized 
in an artempi to carry out an isotopic exchange between the borohydride 
and deuterium oxide (17). Analysis of the gaseous products evolved in 
acid catalyzed hydrolysis of the solid reaction product failed to reveal 
significant amounts of hydrogen deuteride indicating that the hydrogen 
of sodium borohydride does not exchange with water. 

Potassium borohydride is somewhat similar to sodium borohydride. It 
reacts insignificantly with cold water in which it is very soluble. Aqueous 
solutions are stabilized up to the reflux temperature by the addition of a 
small amount of base (18). Heating the aqueous solution to 100° results 
in the liberation of hydrogen and permits the analysis of the residual so¬ 
lution. By analogy with the behavior of the sodium compound the hydrol¬ 
ysis may be represented: 

KBH 4 + 2 H 2 0 -> KBO a + 4 H a (3-12) 

Lithium borohydride is an extremely hygroscopic material and although 
the powder may ignite when moistened, ic can be dissolved in ice water 
with slow decomposition. The hydrolysis reaction, which is catalyzed 
by cobaltous ion, is formulated as 

UBH, + 2 H a O UBO a + 4 H 2 (3-13) 

One gram of borohydride liberates more than 4 liters of hydrogen (gas at 
S.T.P.) by this reaction (19). Actually, when lithium borohydride is dis¬ 
solved in water only a portion of the available hydrogen is liberated and 
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the solution becomes strongly basic (20). In acid solution, the reaction 
is qualitatively much faster and analysis of the borohydride can be 
carried out by measurement of the hydrogen evolved in this manner. The 
heat of formation of the borohydride has been determined (11) utilizing 
the equation: 

LiBH« + 1.25(HC1-200H,0) -> 

(LiCl 4 - H 3 B0 3 + 0.25 HC1)- 247 H 2 0 4 4 H a (3-14) 

Kilpatrick and McKinney (21) have studied the kinetics of the reaction 
of lithium borohydride in aqueous acid solution and have found that the 
reaction occurs in two steps. The first reaction produces diborane, 

LiBH 4 + 1ICI —> { B,H, + Hj (3-15) 

and the second involves the slower hydrolysis of the diborane 

\ BjH, + 3 11,0 -> HjBOj + 3 H, (3-16) 

with the over-all reaction 

LiBH 4 + HC1 4 3 H 2 0 -► LiCl 4 H 3 B0 3 4 4 H 2 (3-17) 

Kinetic studies using sulfuric acid instead of hydrochloric acid showed 
that the reaction represented in equation (3-15) is first order with respect 
to lithium borohydride and hydrogen ion. 

Frequent exposure of dry lithium borohydride to air results in fairly 
rapid deterioration. A thin layer of powder is completely decomposed at 
25° in a few hours in air at 80% relative humidity (19). 

Sodium trimethoxyborohydride dissolves in cold water with a short ini¬ 
tial burst of hydrogen followed by a slow evolution of additional hydro¬ 
gen. In hot water, or upon acidification of the aqueous solution, com¬ 
plete hydrolysis occurs rapidly to yield one mole of hydrogen per mole 
of salt (22). 

Other aluminohydrides, such as magnesium aluminum hydride , react 
with water in a manner analogous to the behavior of LAH (23)- 

Mg(AlHJ a 4 8 H a O * Mg(OH) a 4 2 Al(OH) s 4 8 H a (3-18) 

Other borohydrides, such as beryllium borohydride (23) and aluminum 
borohydride (24), hydrolyze in a manner analogous to the monovalent 
metal borohydrides. 


Be(BH 4 ), + 8 H,0 -+ Be[B(OH) 4 ], + 8 H, 


Be(OH)j + 2 HjBO, 

(3-19) 

A1(BH 4 ), + 12 H,0 —» Al[B(OH) 4 ], + 12 H a 


Al(OH), + 3 HjBO, 

(3-20) 


Direct hydrolysis of liquid aluminum borohydride with liquid water in a 
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bomb calorimeter is reported to produce dark colored residues, strong 
odors and variation in the extent of reaction (25). The presence of water 
is considered to be a prerequisite to the spontaneous ignition of aluminum 
borohydride vapor in air or oxygen at room temperature. In the absence 
of water vapor, the explosive decomposition occurs at higher tempera¬ 
tures (26). 

Lithium gallium hydride is hydrolyzed as in the case of LAH (27): 

LiGaH, + 4 H 2 0 LiGa(OH) 4 + 4H, (3-21) 

3.2 AMMONIA 

By measurement of evolved hydrogen, the following stoichiometric 
equation has been postulated for the reaction of LAH with ammonia (1): 

2 LiAlH. + 5 NH, -* [LiA1H(NH,),],NH + 6 H, (3-22) 

The reaction with ammonia has been carried out in tetrahydrofuran for 
the purpose of preparing a derivative suitable for the titration of very 
weak acids (28), as discussed in Section 5.1.1. However, the insolubil¬ 
ity of the reaction product in tetrahydrofuran or other ethers made it un¬ 
suitable for this purpose. 

Sodium borohydride is soluble in liquid ammonia at 25° to the extent 
of 104 g. per 100 g. of solvent. Evaporation of a liquid ammonia solution 
of the borohydride results in the separation of a crystalline solvate 
which preliminary data indicare to be a diammoniate (13). 

Potassium borohydride (18) and sodium trimcthoxyborohydride (22) are 
also soluble in liquid ammonia, although no information relative to com¬ 
pound formation has been reported. 

Lithium borohydride is inert toward liquid ammonia (1). 

3.3 HYDROGEN CHLORIDE 

The lithium and sodium borohydrides react readily with hydrogen chlo¬ 
ride at temperatures as low as —80° to immediately liberate hydrogen 
and diborane (13,20,22). 

2 LiBH 4 + 2 HC1 -> 2 LiCl + 2H a + B a H a (3-23) 

The divalent borohydrides, such as beryllium borohydride (29), the tri- 
valent borohydrides, such as aluminum borohydride (24), and the tetra- 
valent borohydrides, such as uranium borohydride (30), react with hydro¬ 
gen chloride in an analogous manner. 

Magnesium borohydride reacts very slowly with hydrogen chloride in 
the absence of ether. With hydrogen chloride in ether solution, the boro¬ 
hydride reacts at -40° to yield hydrogen and diborane. 

Mg(BH 4 ) a + 2 HC1 -> MgCl a + 2 H a + B a H a (3-24) 
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An unstable intermediate complex salt is postulated (31): 

Mg(BH 4 ) a + 2 HC1 -► MgCl a + 2 HBH 4 

2 H 2 + B a H« (3-25) 

In contrast to the behavior of the borohydrides, when hydrogen chloride 
is passed through sodium trimethoxyborohydride and the volatile products 
are immediately trapped at — 80 °, very little hydrogen is generated. The 
trapped material, however, when warmed to room temperature, does liber¬ 
ate hydrogen. No diborane is generated (22). 

NaBH(OCH s ), + HC1 NaCl + GH s OH + (CHjO^BH (3-26) 

3.4 BORON HYDRIDES 

The reaction of LAH with diborane yields a mixture of lithium and 
aluminum borohydrides (1). 

UA1H 4 + 2 BjHa -> LiBH 4 f A1(BH 4 ) 3 (3-27) 

Aluminum hydride reacts with diborane to yield aluminum borohydride (32). 

Sodium trimethoxyborohydride reacts rapidly and quantitatively with 
diborane to yield sodium borohydride (12,13,22,33). 

2 NaBH(OCH,) a + B a H 6 -► 2 NaBH, + 2 B(OCH,) 3 (3-28) 

Lithium trimethoxyborohydride similarly reacts with diborane to yield 
lithium borohydride (33). The reactions of sodium, potassium, and lithium 
tetramethoxyborohydrides with diborane yield the corresponding boro¬ 
hydrides (13,34). 

3 NaB(OCH 3 ) 4 + 2 B a H 6 -> 3 NaBH 4 + 4 BfOCH,), (3-29) 

Borazole, (HBNH) a , prepared by the reaction of lithium borohydride 
with ammonium chloride, does not react appreciably with lithium boro¬ 
hydride (35). 


3.5 HYDRAZOIC ACID 

The reaction of hydrazoic acid with LAH in anhydrous ether yields the 
azide analogue 

LiAlH 4 + 4 HN 3 -► LiAl(N s ) 4 + 4 H a (3-30) 

A wide range of simple and mixed metal hydrides can undergo this reac¬ 
tion. Aluminum hydride yields the solid Al(N a ) s whereas aluminum boro¬ 
hydride yields the azide analogue Al[B(N a ) 4 ] a , which is about 90% by 
weight nitrogen. These compounds are stable at room temperature in the 
absence of air or moisture but are very explosive on shock (36). 
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3.6 HYDROGEN CYANIDE 

The reaction of LAH with hydrogen cyanide yields the theoretical 
amount of hydrogen and lithium aluminum tetracyanide (37). 

LiAlH, + 4 HCN —> LiAl(CN), + 4 H a (3-31) 

The complex salt precipitates from ether solution as a colorless, amor¬ 
phous powder which is unstable even in the absence of oxygen and mois¬ 
ture. In water it decomposes to regenerate hydrogen cyanide. 

LiAl(CN) 4 + 3 HjO —* 3 HCN + Al(OH) s + LiCN (3-32) 

Treatment of monomeric aluminum hydride with hydrogen cyanide in 
ether solution yields aluminum tricyanide which crystallizes with one 
mole of erher (37). 

AlHj + 3 HCN A1(CN) S + 3 H 2 (3-33) 

The tricyanide is stable in the absence of oxygen and moisture but de¬ 
composes in water. 

Ethereal hydrogen cyanide and lithium borohydride yield lithium boron 
tetracyanide (38) 

LiBH, + 4 HCN —► LiI3(CN), + 4H 2 (3-34) 

Reaction with excess hydrogen cyanide at 100° yields lithium cyano- 
borohydride which crystallizes with two moles of dioxane from a dioxane- 
cther solution (38,39) 

LiBH 4 + HCN —> LiBH s CN + H 2 (3-35) 

In contrast to lithium borohydride, the monocyano compound is fairly 
stable to acids. It does not react further with excess hydrogen cyanide 
in ether solution or even at 100°. 

3.7 CARBON DIOXIDE 

The reaction of carbon dioxide with LAH can follow three courses, 
each of which represents a definite degree of reduction. 

4 C0 2 + 3 LiAlH, LiAl(OCH 3 ) 4 + 2 LiAlO, (3-36) 

2 C0 2 + LiAlH, LiAl(OCH 2 ) 2 (3-37) 

4 C0 2 + LiAlH, -* LiAl(OCH 3 ), (3-38) 

Hydrolysis or alcoholysis of the salts would give methanol, formaldehyde 
or formic acid, respectively. 

Ethereal solutions of LAH rapidly absorb carbon dioxide, and formal¬ 
dehyde has been isolated from such mixtures (1,2,40,41). Two moles of 
carbon dioxide are absorbed per mole of hydride, consistent with reduc- 
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tion to the formaldehyde stage as depicted in equation (3-37) (42). It 
was originally erroneously reported (1) that one mole of carbon dioxide 
was required per mole of LAH. Attempts to control the ratio of reagents 
according to equation (3-37) have resulted in yields of formaldehyde of 
not over 25% based on the carbon dioxide which reacted (41,43). 

With LAH in excess, 0.73 mole of LAH is consumed per mole of carbon 
dioxide, and reduction proceeds to the formation of a methanol complex 
according to equation (3-36) (41). The complex is decomposed to yield 
methanol. However, isolation of methanol from ether*water mixtures is 
troublesome and yields are reduced. By the use of diethyl carbitol as a 
non-volatile solvent replacing diethyl ether and w-butyl carbitol to de¬ 
compose the excess LAH and liberate the methanol by alcoholysis, higher 
yields have been obtained (41). The first stage of this process is repre¬ 
sented by equation (3-36) above. The second stage is represented in 
equation (3-39): 

LiAl(OCH a ) 4 4- 4 ROH -► LiAl(OR)« + 4 CH 3 OH (3-39) 
R = r?-C 4 H* OCH 2 CH 2 OCHjCf l a — 

This method has been applied to the preparation of labeled methanol con¬ 
taining C 11 (44) and C 14 (45-47), as well as formaldehyde-C 14 (48), by the 
use of carbon dioxide labeled with carbon isotopes. 

Since labeled methanol prepared with the use of the carbitols may con¬ 
tain impurities such as ethanol and butanol arising from cleavage of the 
ether linkages (45,58), the use of solvents which cannot afford such 
volatile by-products has been proposed. Thus tetrahydrofurfuryloxytetra- 
hydropyran, prepared by the reaction of A a -dihydropyran with tetrahydro- 
furfuryl alcohol, has been used as the solvent for LAH, and tetrahydro- 
furfuryl alcohol has been used for the alcoholysis in the preparation of 
methanol-C 11 and C 14 of high purity (45,49). While the methanol prepared 
by utilizing the diethyl and monobutyl ethers of diethylene glycol con¬ 
tains water and formaldehyde as well as ethanol and butanol (45,49), and 
even traces of diethyl ether (46), the only impurities detected in very 
small amounts when the tetrahydrofurfuryl alcohol derivatives are used 
are water and formaldehyde. Benzyl alcohol and the monophenyl ether of 
ethylene glycol have also been used for the alcoholysis step (45). 

Although 0.75 mole of LAH is consumed per mole of carbon dioxide in 
the reduction to methanol, it has been shown that even when the LAH is 
in 100% excess some carbon dioxide is not reduced further than to formate, 
and formaldehyde is always present in the methanol liberated by alcohol¬ 
ysis of the complex (45). It has therefore been postulated that the re¬ 
duction proceeds through formate and formaldehyde, the latter as me¬ 
tallic derivatives of methanediol which undergo a nucleophilic displace¬ 
ment reaction with AlH* - ions, giving a methoxide. 
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The use of lithium aluminum deuteride permits the preparation of 
CD s OH (50). 

Formic acid has been prepared in good yield according to equation 
(3-38)- A high ratio of carbon dioxide to hydride as well as the use of 
highly purified LA1I in dilute ether solution are essential conditions for 
good yields. The importance of concentration is evident in the reduction 
in the yield from 81% to 43% on increasing the LAH concentration from 
0.44% to 3.53%. Similar results are obtained with diethylene glycol di¬ 
ethyl ether as solvent. Unless the LAH is carefully purified the yields 
of formic acid are erratic. Formaldehyde is identified as a by-product in 
all the reductions while methanol is also isolated in experiments using 
the more highly concentrated solutions. The overall yield of fotmic acid 
is raised to 88% by oxidation of the formaldehyde with barium peroxide 
prior to the final isolation of the acid (43). 

The reaction of carbon dioxide with aluminum hydride has also been 
utilized in the preparation of formic acid, although the highest yield that 
could be obtained was 52% (43). 

The presence of carbon dioxide as an impurity has been suggested as 
the cause of explosions occurring in the evaporation of dimethyl ether 
solutions of LAH (51). A similar explosion has been reported in the 
distillation of diethylene glycol dimethyl ether which had been dried over 
LAH. Analysis of these ethers has indicated double the concentration 
of peroxides present in normal ethers (52). Diechyl ether solutions of 
LAH, which can ordinarily be safely evaporated, may explode if first 
treated with carbon dioxide (51). 

The use of lithium borohydridc in ether solution at 0° reduces carbon 
dioxide to formic acid in 69-88% yield (53-55). Treatment of carbon di- 
oxide-C 14 has given 71% formic acid-C 14 and 13% mechanol-C 14 (53). Di- 
borane is liberated but formaldehyde has not been detected among the 
products. The reduction to formate with the simultaneous production of 
diborane is represented: 

2 LiBIt, + 2 CO a -+ 2 LiOOCH + B a H 6 (3-40) 

Since lithium formate is not reduced by the borohydride, the preparation 
of methanol is considered analogous to the LAH reaction: 

3 LiBH 4 + 4 C0 2 LiD(OCH,) 4 + 2 LiBO a (3-41) 

The isolation of a solid containing not only formate but also boron and 
active hydrogen has been considered indicative of complex secondary 
processes. The reaction, equation (3-40), does not occur at -80°, and 
elevation of the reaction temperature from 0° to 30° does not increase 
the yield but reduces carbon dioxide absorption. Diethyl carbitol as 
solvent increases gas absorption but lowers the yield of formic acid. No 
reaction occurs in tripropylamine solution. 
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Passage of gaseous carbon dioxide through solid sodium crimethoxy- 
horohydride results in the generation of heat and the formation of sodium 
formate and methyl borate (22). 

NaBH(OCH,) s + CO a -* HCOONa + B(OCH,) a (3-42) 

3.8 CARBON MONOXIDE 

Although it was originally reported that carbon monoxide did not react 
with LAH (36), it has since been shown that on reduction, not only 
methanol but also substantial yields of methane (up to 37%) are liber¬ 
ated on alcoholysis. This suggests that intermediates in the reduction 
probably contain A10CH a Al groupings, susceptible to further attack by 
aluminohydride ions with the formation of methylaluminum (43). 

3.9 OXYGEN 

Although no products have been reported from the reaction of LAH and 
oxygen, it has been observed that in the determination of active hydro¬ 
gen, if the reactions are carried out in air a slow reaction occurs be¬ 
tween the hydride and oxygen leading to the liberation of hydrogen and 
resulting in erratic values for active hydrogen (57). Similarly, it has 
been found that there is a decrease in the effective LAH concentration 
when dry oxygen is bubbled through an LAH solution (58). 

The existence of a reaction between sodium or potassium borohydrides 
and oxygen has not been reported. Sodium borohydride is stable in dry 
air although it decomposes slowly in moist air and is handled as an in¬ 
flammable hygroscopic powder. Potassium borohydride is non-hygroscopic 
and is stable in moist and dry air. Lithium borohydride may be handled 
in the air only with great caution. Transfer in dry nitrogen or argon is 
the recommended procedure, although lumps may be handled in dry air 
with due allowance for the inflammable nature of the compound (19). A 
coating of white oxide will form on all surfaces within 2*3 minutes after 
initial exposure to air. 

Aluminum borohydride vapor detonates spontaneously and violently in 
ordinary air giving a blue-white flash of unusual brilliance (24). With 
dry oxygen no explosions occur at 20° over the range 1*300 mm. pres¬ 
sure with 14 mole % aluminum borohydride. At 110° explosions occur 
above 25*30 mm. pressure with 5*50 mole % borohydride. With moist 
oxygen, saturated at 20° and containing 2.3 mole % of water, explosions 
occur from 5*90 mole % aluminum borohydride above 25-75 mm. pressure. 
Rapid hydrolysis appears to be a prerequisite to explosion at room tem¬ 
perature (26). 

The heat of combustion of the borohydride, -989-1 kcal./mole, has 
been determined in a combustion bomb (25), utilizing the equation: 
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2 A1(BHJ S + 12 O a Al a Oj + 3 B a O s + 12 H a O (3-43) 

The Induced combustion of various hydrocarbons with aluminum boro- 
hydride in dry oxygen has been found to involve an initial reaction be¬ 
tween the hydrocarbon and the borohydride. While n-butane does not ex¬ 
plode, 1-butene explodes after an induction period and 1,3-butadiene ex¬ 
plodes immediately (59). 

Beryllium borohydride ignites violently in air (29). While uranium (IV) 
borohydride does not react rapidly with air at room temperature (30,60), 
uranium (Ill) borohydride, obtained by decomposition of the uranium (IV) 
compound at 100°, is pyrophoric and likely to detonate on contact with 
air (30). 


3.10 NITRIC OXIDE 


By bubbling gaseous nitric oxide through an ethereal solution of LAH, 
hyponi[rous acid is formed and isolated as silver hyponitrite (61,62). 
The course of the reaction is represented: 


2 NO —* ON—NO 

/OMe 

ON—NO + LiAlH, ON—n( 

\H 


(3-44) 

(3-45) 


/OMe /OH 

ON—N( + H a O — ON—N( ^ HON=NOH (3-46) 

tI \] 


Me = Li or A1 


The analogous reaction of nitric oxide with phenylmagnesium bromide 
yields nitrosophenylhydroxylamine (63). 


ON—NO + C 6 H 5 MgBr 


/°MgX H- o / C 

ON—N( ON—N^ (3-47) 

V. 6 H 5 


/OH 

"V.H, 


3.11 PHOSGENE 

Reduction of phosgene with LAH yields methanol (2,56). Aluminum 
borohydride reacts violently with phosgene to liberate carbon monoxide, 
diborane, and hydrogen (64). 


3.12 METAL OXIDES 

Addition of finely pulverized molybdenum trioxide, MoO a , to an ethereal 
LAH solution in an anhydrous nitrogen atmosphere causes a color change 
from blue to red. An x-ray diagram of the isolated reaction product is 
identical with that of the red hydroxide Mo b O t (OH), obtained from MoO s 
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and nascent or atomic hydrogen. The blue intermediate stage corresponds 
to the blue hydroxides Mo 4 O 10 (OH) 2 and Mo a 0 4 (OH),. 

Tungsten trioxide, W0 3 , rapidly becomes deep blue when added to an 
ethereal LAH solution. The product, whose composition corresponds to 
the formula H<> ai W0 3f is identical with that obtained with nascent and 
atomic hydrogen. Tungstic acid, H a W0 4 , in the presence of LAH, yields 
a hydroxide of the formula W0 2iB2 * x HaO. 

Color changes are also observed on treatment of germanium dioxide, 
Ge0 2 , titanium dioxide, Ti0 2 , vanadium pentoxide, V 2 O s , niobium pentoxide, 
Nb a O Sl uranium oxide, L) 3 O bi and manganese dioxide, Mn0 2 , with ethereal 
LAH solutions (65). 

Diethyl aluminum hydride, (C 2 H 5 ) 2 AIH, prepared as described in Sec¬ 
tion 16.3.1, in ether solution results in color changes with the molyb¬ 
denum, tungsten, and vanadium oxides. The reaction, however, does not 
proceed to the extent observed with LAH. In the absence of ether no re¬ 
action is obtained on treatment of these oxides with liquid diethyl alumi¬ 
num hydride (65). 


3.13 HALOGENS 

The reaction between iodine and LAH is utilized in an iodometric 
method devised for the accurate analysis of ethereal LAH solutions 
(66,67), as discussed in Section 2.1.2. The postulated reaction, equa¬ 
tion (3-48), is analogous to the reaction of the Grignard reagent (68). 

LiAil^ + 2 ^ 2 H a +■ Lil + All, (3-48) 

2 RMgX + I 2 -> RR + 2 MgXI (3-49) 

Bromine in carbon tetrachloride is immediately decolorized by an 
aqueous solution of sodium trimethoxyborohydride (22). 


3.14 INORGANIC HALIDES AND SALTS 


The reaction of inorganic halides with LAH in ether solution yields 
complex hydrides of the type MeH n ■ nAlHj = Me(AlH 4 ) n . 

MeCl n + n LiAl^ -► Me(AlH 4 ) n + n LiCl (3-50) 

The complex hydrides formed by the above equation are in many cases 
unstable at ordinary temperatures and decompose to form the simple 
hydrides. When the reaction is carried out at ordinary temperatures, the 
complex hydride is not detected and the reaction with LAH or aluminum 
hydride proceeds to form the corresponding simple hydride (l l 2,23 v 40 v 69, 
70). 


4 MeCl n + 7i LiAlH 4 
3 MeCl n + n A1H, 


4 MeH n + 72 LiCl + ti A1C1 s 


(3-51) 

(3-52) 


3 MeH n + n AlClj 
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The reaction of inorganic halides with lithium borohydride yields the 
corresponding borohydfides MeH„ - rzBH a = MefBH^),,. 

MeCl„ + n LiBH 4 MefBH,),, 4 n LiCl (3-53) 

Borohydrides may also be prepared by the action of sodium, potassium, 
or aluminum borohydrides. As in the case of the complex aluminum hy¬ 
drides, the borohydrides are in many cases unstable at ordinary tempera¬ 
tures and are therefore prepared at low temperatures (23). 

The action of lithium gallium hydride yields the complex gallium hy¬ 
drides MeH n ■ izGall, = Me(GaH 4 ) n (23). 

MeCl n + 77 LiGaH 4 Me(GaH 4 )„ + 72 LiCl (3-54) 

The reactions of specific halides and salts will be considered in the 
order of the groups in the periodic table as recently utilized by Wiberg 
(23). 

3.14.1 Group 1 

3.14. l.a Lithium compounds. While lithium carbonate is inert to 
LAH, by the addition of boron trifluoride etherate it is converted to 
lithium borofluoride which reacts with LAH to yield diborane (71). Di- 
borane is also generated by the reaction of lithium borofluoride and 
lithium borohydride in ether or tetrahydrofuran. Under the same condi¬ 
tions, lithium hydride does not react with the borofluoride. However, the 
addition of a small amount of either lithium borohydride or methyl borate 
initiates a reaction to generate diborane (72). 

1 ah 

LiBF, -> B a H« (3-55) 

LiBF, + 3 LiBH, -► 2 B a H, + 4 LiF (3-56) 

2 LiBF, + 6 LiH , ’ romot " B a H, + 8 LiF (3-57) 

Lithium formate is not reduced by lithium borohydride alone or in the 
presence of methanol (53). 

3.14.2 Group I-B 

3.14.2.a Copper compounds . Cupric chloride undergoes a vigorous 
reaction with LAH in ether to yield a black product containing metallic 
copper and lithium chloride (73). 

Warf and Feitknecht (73) reported that the reaction of cuprous iodide 
with LAH in ether gives a hydrogen-rich product containing a ratio of 
H/Cu = 0.50. The exact nature of this product has not been determined. 
Wiberg and Henle (74) found that the reaction of a solution of cuprous 
iodide in pyridine at room temperature with a solution of LAH in ether- 
pyridine (prepared by treatment of a concentrated ether solution of LAH 
with absolute pyridine) gives a blood red solution of cuprous hydride in 
pyridine. 
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4 Cul + LiAlH 4 -► 4 CuH + Lil + A1I 3 (3-58) 

The pyridine-insoluble aluminum iodide is removed by centrifugation, 
and addition of ether to the filtrate precipitates the cuprous hydride as a 
red-brown powder. If the solution of cuprous iodide in pyridine-tetra- 
hydrofuran-ether and ethereal LAH are mixed, the cuprous hydride pre¬ 
cipitates directly while the aluminum and lithium iodides remain in so¬ 
lution. The hydride obtained in this manner, which is stable to 60°, is 
identical with the product obtained by the reduction of copper sulfate 
with hypophosphite or hyposulfire except that the product obtained from 
the non-aqueous system is water-free. Consequently it reduces benzoyl 
chloride to benzaldehyde while the hydride obtained from the aqueous 
solution and air drying contains water and converts benzoyl chloride to 
benzoic acid. 

Treatment of a suspension of cuprous chloride in tetrahydrofuran with 
an ethereal solution of lithium borohydride at -20° quantitatively yields 
cuprous borohydride. 

CuCl + LiBH 4 -> CuBH, + LiCl (3-59) 

The compound is soluble in the 1: 1 echer-tetrahydrofuran mixture and in 
solution at 0° decomposes to form copper hydride and diborane as well 
as boron and hydrogen. 

^ 2 CuH + B 2 H 6 (3-60) 

2 CuBH 4 

2 CuH + 2 B + 3 H, (3-61) 

The solution of the borohydride is stabilized by the presence of pyridine 
which forms a light green complex. After standing several days at room 
temperature, the cuprous borohydride-pyridine complex crystallizes from 
solution (75). 

The reaction of an ethereal cupric chloride solution at -45° with 
lithium borohydride yields cuprous borohydride instead of the expected 
cupric borohydride (23). 

2 CuCl a + 4 LiBH 4 -+ 2 CuI3H 4 + B 2 H 6 + H a + 4 LiCl (3-62) 

The cupric borohydride apparently decomposes to cuprous borohydride, 
diborane, and hydrogen. 

Cuprous borohydride reacts with methanol to form cuprous hydride, 
methyl borate, and hydrogen (75). 

CuBH 4 + 3 CH 3 OH CuH + B(OCH s ) 3 + 3 H a (3-63) 

3-14.2.b Silver compounds . The reaction of silver perchlorate and 
LAH in ether at -80° yields a yellow, ether-insoluble solid considered 
to be silver aluminum hydride. 
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AgC10 4 + LiAlH 4 AgAlH, + LiCI0 4 (3-64) 

The lithium perchlorate, which does not react with LAH even at room 
temperature, stays in solution. In the presence of a two- to threefold 
excess of LAH, the precipitate is coarse and can be separated by de¬ 
cantation of the ether solution. The pure silver aluminum hydride in 
ether suspension decomposes above -50° into the elements. 

AgAlH, -> Ag + A1 + 2 H a (3-65) 

The decomposition probably proceeds in two steps in which first the 
silver hydride component of the complex hydride decomposes and then 
the finely powdered silver catalyzes the decomposition of the metastable 
aluminum hydride. However, the two steps cannot be separated. The 
method of formation of the complex silver aluminum hydride indicates a 
stage between homopolar and metallic bonds (76). 

The reaction of silver perchlorate and lithium borohydride in ether at 
-80° quantitatively yields a white ether-insoluble silver borohydride. 

AgCl0 4 + LiBH 4 -* AgBH 4 + LiC10 4 (3-66) 

In ether suspension the borohydride decomposes at -30° with the libera¬ 
tion of hydrogen and diborane and the precipitation of silver and boron. 
The primary reaction 

2 AgBH 4 -» 2 Ag + H a + 2 BH 3 (3-67) 

yields finely divided silver which caralytically acts on the monomeric 
borane. 


2 BH a -+ 2 B + 3 H a (3-68) 

Diborane is formed by dimerization of the borane. Silver borohydride is 
soluble in cold pyridine at -40° but is insoluble in ether, tetrahydro- 
furan, or trimethylamine. The borohydride reacts with methanol at -30° 
to yield silver, hydrogen, and trimethyl borate (77). 

2 AgBH 4 + 6 CHjOH 2 Ag + 2 B(OCH 3 ) 3 + 7 H a (3-69) 

Silver gallium hydride, prepared by the reaction of ethereal solutions 
of silver perchlorate and lithium gallium hydride ar -100°, is an orange, 
ether-insoluble compound which decomposes in ether suspension at —75°. 

AgC10 4 + LiGaH 4 -* AgGaH 4 + LiC10 4 (3-70) 

2 AgGaH 4 -> 2 Ag + H a + 2 GaH, (3-71) 

The finely divided silver catalytically reduces the gallium hydride to 
the elements so that after 24 hours at room temperature an overall de¬ 
composition to the elements has occurred (78). 


AgGaH* —* Ag + Ga + 2 H 2 


(3-72) 
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3.14.2. C Gold Compounds . Wiberg has compared the decomposition 
temperatures of the hydrides of Group lib with those of Group lb and has 
postulated that the decomposition temperature of gold hydride, AuH, de¬ 
termined by extrapolation, should be -150° to —160°. Attempts to pre¬ 
pare the hydride by the action of LAH on gold salts has yielded little 
result, since at these low temperatures reaction is not noticeable and 
suitable solvents for the starting materials are lacking (23,76). 

3.14.3 Group II 

3.14.3. a Beryllium compounds . Treatment of beryllium chloride in 
ether solution, at room temperature, with ethereal LAH yields beryllium 
aluminum hydride (27). 

BeCl a + 2 LiAlIL -> BefAlH,), + 2 LiCl (3-73) 

The ether solubility indicates a hydrogen bonded structure (I). 


H> 
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Beryllium chloride in ether solution reacts with excess lithium hydride 
to yield a white precipitate which is either beryllium hydride, BeH ai or 
lithium beryllium hydride, BeH 2 ■ wLiH (27). Beryllium hydride can also 
be prepared by the reaction of dimethylberyllium with LAH or dimethyl- 
aluminum hydride (79). 

The reaction of beryllium bromide and sodium (12) or lithium (80) boro- 
hydride yields the volatile beryllium borohydride which is also prepared 
by the reaction of dimethylberyllium and diborane (29). 

BeBr 2 + MeBH 4 —* Be(BH 4 ) 2 + 2 MeBr (3-74) 

Me - Na or Li 

3.14.3.b Magnesium compounds. The reaction of magnesium bromide 
etherate with an ethereal solution of LAH yields magnesium aluminum 
hydride (81). 

MgBr a + 2 LiAlH* -> Mg(AlH 4 ) a + 2 LiBr (3-75) 

The same product is obtained by the reaction of an ethereal solution of 
excess magnesium hydride with an ethereal solution of aluminum chlo¬ 
ride (81,82). The complex hydride is stable to 140 ' in high vacuum and 
above this temperature decomposes to magnesium hydride, aluminum, and 
hydrogen (82). 

Mg(AlH 4 ) 2 -► MgH a + 2 AI + 3 H a (3-76) 

The properties of magnesium aluminum hydride are discussed in Section 

2 . 6 . 1 . 
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3.14.4 Group Il-B 

3.14.4.a 7inc compounds . Schlesinger and Finholt (2) reported the 
preparation of zinc hydride by the reaction of zinc chloride and LAH in 
ether. Wiberg and his co-workers (83,84) found that LAH reacts with 
zinc iodide in ether solution at —40° to give the stable, ether-insoluble 
hydride. 

Znl 2 + 2 LiAlH, -* ZnH 2 + 2 A1H S + 2 Lil (3-77) 

It was postulated that the initial product, zinc aluminum hydride, Zn(AlH 4 ) 2 , 
is so unstable that it was not detected. The aluminum hydride polymerizes 
to the polymeric form. The zinc hydride, which decomposes into its 
elements at 90°, is also obtained by the reaction of zinc chloride with 
the aluminum hydride-aluminum chloride complex (Section 3.14.5.b) at 
-80° (83). 

Then the reaction represented in equation (3-77) is carried out with a 
great excess of zinc iodide a mixed compound, zinc hydrogen iodide, is 
obtained (84). The reaction of sublimed zinc iodide with excess, pul¬ 
verized lithium hydride in ether yields a white, stable iodine-containing 
zinc hydride whose composition falls between ZnHI and ZnH a , depending 
on experimental conditions. 

Znl 2 + (1 + a) LiH -+ ZnH 1+a I,_ a + (1 + a) Lil (3-78) 

Zinc hydrogen iodide decomposes at 110° in high vacuo to zinc, hydro¬ 
gen and zinc iodide. By refluxing in ether with excess lithium hydride, 
the iodine content does not decrease, whereas with LAH zinc hydride is 
obtained. 


ZnHI + LiAlH, -> ZnH 2 + Lil + A1H S (3-79) 

At — 40°, the temperature of the reaction between zinc iodide and LAH 
(equation >77), the zinc hydrogen iodide does not react with LAH (84). 

The reaction of zinc chloride and lithium borohydride, in ether solu¬ 
tion at room temperature results in the precipitation of lithium chloride 
while the ether-soluble zinc borohydride remains in solution. 

ZnCl 2 + 2 LiBH 4 Zn(BK 4 ) a + 2 LiCl (3-80) 

A chlorozinc borohydride, ZnClBH 4 , is formed as an intermediate in re¬ 
action (3-80). It can be obtained in a pure state by utilizing the reagents 
in a 1:1 ratio. 

ZnCl 2 + LiBH 4 -> ZnClBH, + LiCI (3-81) 

While the ether-soluble zinc borohydride decomposes at 85° into the 
elements 


Zn(BH 4 )a ■-> Zn + 2 13 + 4 H a 


(3-82) 
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the similarly ether-soluble chlorozinc borohydride is more stable, de¬ 
composing at 120° (85). 

2 ZnClBH, —► ZnCl a + Zn + 2 fl + 4 H, (3-83) 

3.14.4.b Cadmium compounds . The reaction of ethereal LAH at 
-70° to -40° with a solution of cadmium iodide in tetrahydrofuran 
yields a voluminous white precipitate of cadmium hydride. 

Cdl a + 2 LiAlH 4 Cdl-I 2 + 2 AlH a 4 2 Lil (3-84) 

The intermediate cadmium aluminum hydride, Cd(AlH 4 )j, is so unstable 
that no trace of it is detected and only its decomposition products are 
obtained. The polymerization of monomeric aluminum hydride to the 
ether-insoluble polymeric form is retarded at low temperatures so that 
centrifugation permits separation of the cadmium hydride precipitate 
from the other soluble reaction products. Inversion of reagents in the 
preparation results in the production of aluminum iodide owing to the 
localized excess of cadmium iodide. 

2 Cdl a 4 LiAlH 4 2 CdH a + All a + Lil (3-85) 

The insolubility of the aluminum compound prevents the isolation of pure 
cadmium hydride. The latter decomposes into the elements slowly at 
-20° and spontaneously at room temperature (86). 

At 0° cadmium chloride reacts with an ethereal solution of lithium 
borohydride to yield ether-soluble cadmium borohydride. 

CdCl a + 2 LiBH 4 Cd(BH 4 ) a + 2 LiCl (3-86) 

The borohydride is stable to 25° and decomposes into the elements. 
While hydrolysis of the borohydride with dilute acid yields the cadmium 
ion, 

Cd(BH 4 ) a + 4H + + 6H 2 0^ Cd ++ 4 2 B(OH) s 4 - 8 H 2 (3-87) 

hydrolysis with water precipitates metallic cadmium. 

A chlorocadmium borohydride, CdClBIi 4l is formed as an intermediate 
in reaction (3-B6). This compound, which decomposes at 85°, 

2 CdCIBH, -> CdCl a + Cd 4 2 B 4 4 H a (3-88) 

forms a double compound with lithium borohydride (87). 

CdCI a + 2 LiDH 4 —> CdClBH 4 - LiBH 4 + LiCl (3-89) 

3-14.4.C Mercury compounds . A solution of mercuric iodide in an 
ether^retrahydro/uran-petroleum ether mixture reacts with LAH in the 
same solvents at —135° to yield a white voluminous precipitate of mer¬ 
cury hydride. 

Hgl 4 2 LiAlH 4 HgH a 4 2 AlH, 4 2 Lil (3-90) 
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The hydride precipitate is only stable to -125° and decomposes above 
this temperature to the elements. If the two starting solutions are mixed 
above the decomposition temperature of mercury hydride, i.e., at -100°, 
and warmed to room temperature, the finely divided mercury, formed by 
the decomposition, catalyzes the decomposition of aluminum hydride to 
metallic aluminum. The slow decomposition of mercury hydride at lower 
temperatures yields a granular form of mercury which does not decom¬ 
pose the aluminum hydride (B8). 

3.14*5 Group III 

3.14.5-a Boron compounds . The reaction of LAH and boron trichlo¬ 
ride in ether solution gives a high yield of diborane (2,85^95). 

3 LiAlH, + 4 BC1 S -> 2 B 2 H« + 3 LiCl + 3 A1C1 S (3-91) 

Boron tribromide (73) and crifluoride (93,96) have also been utilized in 
this synthesis. Completely deuteraced diborane, B 2 D 6 , has been pre¬ 
pared from boron crifluoride and lithium aluminum deuteride in ether (96), 
while isotopically labeled diboranes, B a 10 H 8 and B 2 10 D 6 , have been pre¬ 
pared by the reaction of B 1D F 3 (from labeled calcium fluoborate) etherate 
and LAH and lithium aluminum deuteride, respectively (93). 

If boron trichloride and LAH are refluxed at 75° for one hour in the 
absence of ether, no volatile boron-containing material is detected. 
Upon the addition of ether at low temperatures, a violent reaction occurs 
at the melting point of ether and diborane is obtained (97). 

Kinetic studies of the reaction of LAH and boron trichloride (98) and 
crifluoride (71) etherates have indicated that two separate reactions oc¬ 
cur in the process, the sum of the two stages being represented in equa¬ 
tion (3-91). The individual steps are probably: 

3 LiAlH 4 + 3 BX 3 3 LiBH 4 + 3 A1X S (3-92) 

3 LiB^ + BX S 2 B 2 H, + 3 LiX (3-93) 

By adding the boron halide to LAH, the reactions occur successively so 
that no diborane is evolved .until the mole ratio of BX S to LAH is 1.00. 
The buildup of lithium borohydride can lead to a large surge of gas upon 
formation of diborane according to equation (3-93). The addition of LAH 
to the halide results in the concurrent occurrence of both reactions and 
a steady flow of diborane is obtained. In the study involving boron tri¬ 
fluoride, a small proportion of lithium borofluoride and sometimes a 
fluoroaluminate complex salt have been found (71). 

Aluminum hydride, like LAH, reacts with boron trichloride in ether to 
form diborane (1). Since diborane reacts with aluminum hydride to give 
aluminum borohydride, reaction in accordance with the equation 

4 AlH a + 3 DClj — A1(BH 4 ), + 3 A1C1 S (3-94) 

has yielded the borohydride in 88% yield. 
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As in the case of LAH V at temperatures up to 180° boron halides react 
only superficially with lithium hydride. On the other hand, boron tri¬ 
fluoride etherate reacts with either sodium or lithium hydride to form di- 
borane (72,99). The reaction proceeds by two different courses dependent 
on the reaction conditions (72). If ether-soluble, active hydrogen-con¬ 
taining promoters, such as lithium borohydride and lithium trimethoxy- 
borohydride, are present, or if pressure is used to force the reaction be¬ 
tween lithium hydride and diborane, the hydride is converted completely 
to lithium borohydride and lithium fluoride before diborane is evolved. 

6 LiH + 1.5 BFj -* 1.5 LiBH 4 + 4.5 LiF (3-95) 

1.5 LiBH« + 0.5 BF 3 -* B a H 6 + 1.5 LiF (3-96) 

6 LiH + 2 BF S B a M 6 + 6 LiF (3-97) 

In the absence of soluble promoters, diborane is continuously evolved, 

lithium borofluoride is formed, and lithium borohydride does not accumulate. 

6 LiH + 8 BFj —► B 2 H 6 + 6 LiBF« (3-98) 

In tetrahydrofuran as a solvent, the two-stage process, equation (3-97), 
occurs with or without added promoter. The reaction of lithium hydride 
and boron trichloride in ethyl ether proceeds according to equation (3-97), 
even in the absence of promoter. In promoted reactions, unless the 
minimum amount of promoter is 3.5-5 mole % of the initial lithium hy¬ 
dride, diborane is evolved according to equation (3-98). 

Diborane may also be prepared by the direct reaction of lithium boro¬ 
hydride and boron trifluoride etherate (13,72,99,100). 

3 LiBH« + BF a —* 3 LiF + 2 B a H 6 (3-99) 

If an excess of etherate is used, lithium borofluoride rather than the 
fluoride is obtained (13)- 

3 LiBI^ + 4 BF S 3 LiBF 4 + 2 B a H # (>100) 

In the absence of ether, gaseous boron fluoride does not react signifi¬ 
cantly with lithium borohydride (13). However, the reaction occurs 
readily with the tetrahydrofuran complex as well as with the etherate (72). 

Sodium borohydride reacts quantitatively with boron trifluoride etherate 
to liberate diborane (12,13,99,100). 

3 Na3H 4 + 4 BF 3 -+ 3 NaBF 4 + 2 B a H e (3-101) 

Potassium and magnesium borohydrides as well as sodium trimethoxyboro- 
hydride are also suitable for the preparation of diborane by reaction with 
boron trifluoride in ether (100). 

Boron trifluoride is rapidly absorbed by sodium trimethoxyborohydride 
at room temperature to liberate methyl borate (22,99). 
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NaBH(OCH s ), + BF S —> NaBHF, + BCOCH,), (3-102) 

The use of the ether ate of boron trifluoride results in the rapid evolution 
of diborane (12,22,99,100). 

6 NaBH(OCH s ), + 8 BF S —* B a H a + 6 NaBF« + 6 B(OCH,), (3-103) 

By using twice the theoretical quantity of the etherate, quantitative 
yields of diborane are obtained (99)- The use of lithium or potassium 
rrimethoxyborohydrides and the use of the addition compounds of boron 
trifluoride with dimethyl ether, di-n-butyl ether or dioxane have also 
been investigated in the synthesis of diborane (99,100). 

The reactions of substituted boron halides and LAH present an in¬ 
teresting contrast. While bis-dimethylaminoboron chloride is reduced by 
LAH to bis-dimethylaminoborine (101), 

[(CH,),N],DC1 [(CH,) s N] a BH (3-104) 

bis-silyl ami noboron dichloride, (SiH 3 ) 2 NBCl 2 , prepared by the reaction of 
tris-silylamine and boron trichloride, is not reduced by LAH in ether (89). 

3.14.5.b Aluminum compounds . The reaction of an ether solution of 
LAH with aluminum chloride in a 3 : 1 ratio yields a solution of aluminum 
hydride (1,2,40,102-104) as described in Section 2.1.l.b. It has been 
postulated (102,105) that aluminum hydride is capable of existence in 
ionized form, presumably aiurninohydride. 

3 LiAlH« + A1C1 3 -* AKAIHJ, + 3 LiCl (3-105) 

The aluminum hydride solution is unstable and spontaneously polymerizes 
to a high molecular weight, ether-insoluble, polymerization product. 

x A1(A1H 4 ) 3 4 (A1H 3 ) x (3-106) 

The preparation of aluminum hydride by the reaction of LAH and alu¬ 
minum bromide yields a stable ethereal solution. Wiberg et al a (106) 
have postulated that the monomeric aluminum hydride fails to polymerize 
due to complex formation. The solution probably contains lithium bromo- 
aluminum hydride, LiBr ■ A1H 3 = LiAlHjBr. 

Treatment of the soluble aluminum hydride obtained in reaction (3-105), 
or even of the polymeric material, in a 1:1 ratio with aluminum chloride 
in ether solution, yields an ether-soluble addition compound AlH a - A1C1 S = 
AlH a Ci * AlHCl a (II), which is isolated as a colorless liquid distillable 

M, /Cl H\ ..H x /Cl 

Ai: ''Al( )AK >Al( (3-107) 

'■Cl/ X C1 t/ Vl 

II 

at 95° in high vacuum (102,107). The ethereal solution behaves chemi¬ 
cally like a mixture of aluminum chloride and monomeric aluminum hy- 


H \ 

w 
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dride and permits the carrying out of more selective reductions than with 
LAH (102). If the addition compound is heated over a free flame a stable 
aluminum mirror is formed (107). 

2 A1H, • A1C1, -> 2 A1 + 3 H 2 + 2 A1C1, (3-108) 

If the reaction of aluminum hydride and aluminum chloride is carried 
out in a 2:1 ratio, the addition compound is formed and the excess alu¬ 
minum hydride precipitates as the ether-insoluble polymeric material. 
If the reaction is carried out in a 1: 2 ratio in ether solution the product 
is monomeric dichloroaluminum hydride (107). 

A1H, + 2 A1C1 3 -► 3 AlHCl 2 (3-109) 

Reaction of the ethereal solution of aluminum hydride with an ether 
solution of aluminum iodide in a 1:1 ratio yields an equimolar mixture 
of mono- and diiodo compounds 

A1H, + All, -* A1HJ + AlHI a (3-110) 

and not an addition compound as in the reaction with the chloride (108, 
109). Reaction in a 1:2 ratio at room temperature yields a clear ethereal 
solution of diiodoaluminum hydride etherate. 

A1H 3 + 2 All, —> 3 A1HI 2 • etherate (3-111) 

On evaporation in vacuo , the diiodo compound is isolated in crystalline 
form, m.p. 80°. The compound can be distilled in high vacuum at 110- 
120 ° with some disproportionation according to equation (3-112): 

2 AlHI a -* A1H,I + All, (3-112) 

Reaction in a 2: 1 ratio yields an ethereal solution of monoiodoaluminum 
hydride, m.p. 35°. 

2 A1H, + All, 3 A1HJ-etherate (3-113) 

On distillation in high vacuum disproportionation occurs: 

2 AlH a I A1H, + A1HI 2 (3-114) 

Ether solutions of the iodo compounds are stable indefinitely in the ab¬ 
sence of moisture which decomposes the compounds according to equa¬ 
tions (3-115) and (3-116). 

A1HI 2 + 3 H,0 H 2 + 2 HI + AI(OH), (3-115) 

A1HJ + 3 H a O —* 2 H a + HI + Al(OH), (3-116) 

Reaction of the ethereal solution of aluminum hydride with an ethereal 
solution of aluminum bromide in a 1:1 ratio at room temperature yields 
an eqilimolar mixture of mono- and dibromo compounds analogous to the 
reaction with the iodide (109,110). 
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A1H 3 + AlBr, -> AlH a Br + AlHBr a (3-117) 

Reaction in a 1:2 ratio yields an ethereal solution of the etherate of 
dibromoahiminum hydride. 

AlHj + 2 AlBr, -+ 3 AlHBr, (3-1 IB) 

Distillation in high vacuum yields the pure dihromo compound, m.p. 
-15°. Disproportionation occurs during distillation 

2 AlHBr a AlH 2 13r + AlBr, (3-119) 

and above 150° decomposition to aluminum and hydrogen occurs. Reac¬ 
tion in a 2: 1 ratio yields the monobromo compound which rapidly decom¬ 
poses and precipitates polymeric aluminum hydride. 

2 A1H, + AlBr, —» 2 AlH a Br ■ etherate (>120) 

2 AlH a Br (AllI 3 ) x + AlHBr 2 (3-121) 

Distillation above 35° increases the disproportionation with precipita¬ 
tion of the polymeric hydride, while above 95° the dibromo compound 
distills as a clear liquid. Above 160° aluminum hydride decomposes to 
aluminum and hydrogen. Fther solutions of the mono- and dibromo com¬ 
pounds are stable at room temperature, but in the presence of moisture, 
hydrolysis occurs analogous to that observed with the iodo compounds, 
equations (3-115) and (3-116). 

Treatment of mono- and dibromoahiminum hydride with LAH in ether 
solution yields a stable ethereal aluminum hydride solution. 

AlHjBr + LiAlH 4 -> 2 A1H, + LiBr (>122) 

AlHBr 2 + LiAlll, -* 3 A1H S + 2 LiBr (>123) 

The latter solution is similar to that obtained from aluminum bromide in 
that the aluminum hydride docs not precipitate in the polymeric form but 
is stabilized as lithium bromoaluminum hydride, LiBfAlH, = LiAlHjBr. 
In contrast, the ethereal solution of aluminum hydride obtained from the 
reaction of mono- and dichloroaluminum hydride as well as aluminum chlo¬ 
ride with LAH precipitates the polymeric (AlH a ) x (106). 

The reaction of lithium, sodium or potassium borohydride and aluminum 
chloride or bromide yields the volatile aluminum borohydride (12,80,111) 
(Section 2.6.2). 

3 MeBH, + A1X 3 -> A1(B11 4 ) S + 3 MeCl (>124) 

Me = Li, Na and K 

Sodium aluminum hydride is prepared by the reaction of sodium hy¬ 
dride and aluminum bromide in dimethyl ether. The properties of this 
aluminohydride are like those of LAH except that it is somewhat more 
stable toward thermal decomposition and is only very slightly soluble in 
diethyl ether (2). 
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3.14.6 Group III-D 

3.14.6.a Gallium compounds. Gallium chloride does not react with 
LAH in ether at -80°. At -30° precipitation of lithium chloride begins 
and at 0° ether-soluble gallium aluminum hydride is formed (112). 

GaCI 3 + LiAlH, —► Ga(AlH 4 ) 3 4 3 LiCl (3-125) 

The colorless ether solution is unstable and at 0° yields polymeric alu¬ 
minum hydride and gallium hydride (112,113). 

Ga(AlH,) 3 GaH s + 3 A1H 3 (3-126) 

The gallium hydride forms an etherate GaH s . 0 (CjH b ) 2 which is isolated 
in crystalline form after evaporation of the ether in vacuo at 20°. The 
etherate, as well as the ethereal gallium aluminum hydride solution, de¬ 
composes above 35° to yield gallium and hydrogen (112,114). 

GafAlHJj -* Ga 4 1.5H 2 4 3 A1H 3 (3-127) 

Owing to its ether solubility a homopolar structure with hydrogen 
bridges has been proposed for the complex hydride (III) (112). 

H-. /H 

Ga f >Al( 

’’-IT X H 

m 

The reaction of gallium chloride in ether solution at room temperature 
with lithium hydride yields lithium gallium hydride (1,27), as discussed 
in Section 2.6.3. 

4 LiH 4 GaCl s -> LiGaH 4 4 3 LiCl (3-128) 

Treatment of an ether solution of lithium gallium hydride at 0° with an 
ether solution of gallium chloride results in the precipitation of lithium 
chloride while gallium hydride remains in solution (114). 

GaCls 4 3 LiGaH 4 4 GaH s 4 3 LiCl (3-129) 

At 35° hydrogen is evolved and metallic gallium is precipitated. At room 
temperature white, high polymeric gallium hydride, (GaH s ) x , is precipi¬ 
tated after several days. The polymeric hydride undergoes practically 
no reaction with wacer while hydrogen is evolved with dilute acid (23,114). 

GaH, 4 3 H + Ga +++ 4 3 H 2 (3-130) 

The hydride is exceedingly stable. Ac 140° in vacuo hydrogen evolution 
is ohserved but the hydride appearance is unchanged. Hydrogen evolu¬ 
tion is increased at higher temperatures until at 380-400° metallic gal¬ 
lium is formed. The evolution of hydrogen at 140 p probably accompanies 
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a transformation of the gallium (111) hydride to the more stable gallium 
(I) hydride. 

3.14.6.b Indium compounds. The reaction of an ethereal LAH solu¬ 
tion with an ether solution of indium chloride at -70° yields indium 
aluminum hydride which precipitates from the ether 

InCl 3 4 3 LiAlH 4 In(AiH«) 3 4 3 LiCI (3-131) 

and above -40° decomposes according to the equation 

2 In(AlH«)j —» 2 In + 3 H a + 6 A1H 3 (3-132) 

Indium hydride, Inll 3l is probably formed as an intermediate in the de¬ 
composition. At 160° the aluminum hydride is also decomposed to the 
elements (115). 

The reaction of indium chloride with LAH in ether solution at room 
temperature yields a white precipitate of dichloroindium aluminum hy¬ 
dride, InCTifAlH*), so long as not more than one-third of the required 
amount of LAH is added: 

InCl 3 4 LiAlH 4 InCl 2 (Alll 4 ) 4 LiCI (3-133) 

Upon further addition of LA1I the initially formed dichloro compound is 
converted to indium aluminum hydride which spontaneously decomposes 
as in equation (3-132). The dichloro compound is more stable than in¬ 
dium hydride and decomposes above 100° to precipitate indium and evolve 
hydrogen and hydrogen chloride. The ether insolubility of both indium 
aluminum hydride and the dichloroindium aluminum hydride is considered 
indicative of rhe absence of hydrogen bridges (115). 

Treatment of indium trichloride in ether solution at room temperature 
with lithium hydride yields a white solid which was originally considered 

to be either indium hydride or lithium indiurn hydride (115). The com¬ 

pound is contaminated with excess lithium hydride making analytical 
differentiation difficult. The material has since been shown to be the 
polymeric form of indium hydride (23) 

InCl 3 4 LiH InH 3 4 3 UCl (3-134) 

which above 80° decomposes to the elements. 

(Inllj), * x In 4 1.5* H a (3-135) 

3.14.6-c Thallium compounds. The reaction of thallic chloride and 
LAH at —115° yields thallium aluminum hydride which spontaneously 
decomposes at —115° to metallic thallium (116). 

T1C1 3 4 3 LiAlH, —► T1(A1H 4 ) 3 4 3 LiCI (3-136) 

T1(A1H 4 ) 3 —► T1 4 1.5 H 2 + 3 AlHj (3-137) 
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In contrast, treatment of thaliic chloride with an ethereal solution of 
the aluminum hydride-aluminum chloride addition product at - 115 ° yields 
chlorothallium aluminum hydride which is stable to - 95 ° and decom¬ 
poses to thallous chloride, hydrogen and aluminum hydride ( 116 ). 

3 T1C1 S + 8 AlHj -> 3 T1C1(A1H 4 ) 2 + 2 A1C1 S (3-138) 
TIC1(A1H 4 ) 2 T1C1 + H 2 + 2 A1H 3 (3-139) 

The fact that the reaction at -115° only replaces two chlorine atoms 
with aluminohydride is analogous to the alkylation of thaliic chloride 
with dialkyl zinc or Grignard compounds, wherein only two of the three 
atoms of chlorine are replaced 

TlCl, + 2 RMgCl R 2 T1CI + 2 MgCl 2 (3-140) 

The reaction with lithium gallium hydride at -115° replaces all three 
chlorine atoms to yield the ether-insoluble complex hydride (117). 

TICI 3 + 3 LiGaH 4 — TlfGaHJ, + 3 LiCl (3-141) 

At -90° the thallium gallium hydride decomposes to metallic thallium 
and gallium hydride. 

2 Tl(GaH 4 ) s 2 Tl + 3 H 2 + 6 GaH s (3-142) 

Treatment of thaliic chloride with lithium hydride at -115° yields the 
elements of thallium hydride rather than the hydride itself (23). 

2 T1C1 S + 6 LiH 2 Tl + 3 H 2 + 6 LiCI (>143) 

3.14.7 Group IV 

3-14.7.a Carbon compounds . The reduction of the compounds of 
carbon, including the halides, is discussed in the various sections on the 
reduction of organic compounds. 

3.l4.7.b Silicon compounds. The reaction of silicon tetrachloride 
with LAH in ether solution yields silane in almost quantitative yield 
(1,2,40,70,89,118). 

SiCl 4 + LiAlH 4 -> SiH, + LiCl + A1C1 S (3-144) 

When the reaction is carried out at reflux temperature, in the absence of 
ether, the yield of silane is negligible. If ether is added at -196° and 
the temperature permitted to rise, silane is obtained in 96 % yield at the 
melting point of ether (97). When dioxane is used as solvent, the gener- 
ation of silane is smoother but the yield is reduced ( 119 , 120 ). 

Reduction of hexachlorodisilane with LA11 in ether similarly results in 
complete replacement of halogen atoms to give disilane in 87% yield (70). 

Condensation of dimethylaminotrichlorosilane on powdered LAH in a 
vacuum apparatus and warming to room temperature, results in a very 
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slow reaction which is complete after forty hours to yield 95% silane and 
a small quantity of hydrogen (121). 

I All 

(CHj) 2 NSiCl s -* SiH, + H a (3-145) 

When the reaction is carried out in ether, the same products are obtained 
after only two hours. In a similar manner, the reaction of bis-dimethyl- 
aminodichlorosilane with powdered LAH in the absence of ether is com¬ 
plete only after three days to yield 90% silane and a trace of hydrogen. 
The same products are obtained in the presence of ether (121). 

[(CHj)jNljSiCIj SiH« + H 2 (3-146) 

This work indicates that LAH reduces not only chlorine but also cleaves 
the Si — N bond. 

3.14.8 Group IV-A 

3.14.8.a Titanium compounds . At -110° titanium tetrachloride and 
LAH yield titanium aluminum hydride which decomposes above —85° to 
metallic titanium and aluminum. The decomposition of the intermediate 
aluminum hydride is apparently catalyzed by the presence of metallic 
titanium (122). 

TiCl 4 + 4 LiAlH, -> TifAlH^ + 4 LiCl (3-147) 

Ti(AllI 4 )« -> Ti + 4 A1 + 8 H 2 (3-148) 

Aluminum, beryllium, and lithium borohydrides will reduce titanium 
(IV) to the (III) state, whereas sodium borohydride does not reduce tita¬ 
nium (IV) at room temperature. Titanium (III) borohydride has been pre¬ 
pared by the action of lithium borohydride on titanium tetrachloride (123). 

2 TiCl 4 + 8 LiBH 4 -> 2 Ti(BH 4 ), + 8 LiCl + B 2 H b + H a (3-149) 

The reaction between titanium tetrachloride and aluminum borohydride 
is violent unless carried out at a low temperature (-30 to -40°), and 
yields the mono- and dichloroborohydrides of aluminum as well as tita¬ 
nium (III) monochloroborohydride. The monochloroborohydride of aluminum 
disproportionates rapidly to the dichloro compound and aluminum boro¬ 
hydride. The overall reaction is represented 

2 TiCl 4 4 3 A1(BH 4 ) 3 -> 2 TiCKBHJ* + 3 AlCljBI^ + B a H« + H a 

(3-150) 

The reaction of titanium monochloroborohydride with lithium borohydride 
yields titanium (III) borohydride (123). 

TiCl(BH 4 ) a + LiBhU THBHJ, + LiCl (3-151) 

No reaction occurs between aluminum borohydride and either titanium 
trifluoride, titanium tetrafluoride, or the double salt sodium titanium cetra- 
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fluoride. Titanium (III) horohydride is the most volatile known compound 
of trivalent titanium. It decomposes completely within several days at 
room temperature to hydrogen and a non-volatile solid which deposits as 
a metallic mirror. 

3-I4.8.b Zirconium compounds. No reaction occurs between aluminum 
horohydride and zirconium tetrafluoride. Reaction with zirconium tetra¬ 
chloride yields zirconium horohydride as well as a complex mixture of 
aluminum chloroborohydrides which are difficult to separate (123). The 
horohydride has been prepared satisfactorily by the reaction of aluminum 
horohydride and the double salt sodium zirconium pencafluoride, prepared 
from sodium fluoride and zirconium tetrafluoride (123,124). 

NaZrF a + 2 A1(BH 4 ) 3 -> Zr(BH 4 ) 4 + 2 A1F 2 BH 4 + NaF (3-152) 

Zirconium horohydride is the most volatile known compound of this ele¬ 
ment, m.p. 28.7°, extrapolated b.p. 123°, and ignites in air. 

3.14.8. c Hafnium compounds. No reaction occurs between aluminum 
horohydride and hafnium tetrafluoride at room temperature after several 
days or when heated in a sealed tube at 65° for six days (123). How¬ 
ever, reaction of the horohydride and sodium hafnium pencafluoride yields 
hafnium horohydride, analogous to the reaction of the zirconium com¬ 
pound (123,124). Beryllium horohydride can be used in place of aluminum 
horohydride (124). 

NaHfFj + 2 A1(BH 4 ) 3 -> Hf(BH 4 ) 4 + 2 A1F 2 BH 4 + NaF (3-153) 

Hafnium horohydride is a volatile solid, m.p. 29.0° v extrapolated b.p. 
118°, resembling aluminum horohydride in character, and is considered 
to he the most volatile known hafnium compound. Like the horohydrides 
of aluminum, beryllium, and zirconium it inflames violently when ex¬ 
posed to air. 

3-14.8.d Thorium compounds . Thorium tetrafluoride and aluminum 
horohydride react at room temperature to yield thorium horohydride. 

ThF 4 + 2 A1(BH 4 ) 3 —> Th(BH 4 ) 4 + 2 AlF 2 BH 4 (3-154) 

The reaction mixture is heated to 150° to disproportionate aluminum di- 
fluoroborohydride to aluminum horohydride and aluminum fluoride, while 
the thorium horohydride sublimes and condenses above the heated zone. 
Thorium horohydride, m.p. 204° (with decomposition), is a salt-like, 
stable material resembling the lithium and sodium compounds in irs 
properties (123). 

3.14.9 Group IV-B 

3.14.9. a Germanium compounds . Germanium tetrachloride and LAH 
in ether yield 30% germane (2,40,70). Although no details are specifi- 
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cally given, this reaction is apparently carried out at room temperature 
or slightly below, 

GeCl« + LiAlH« -> GeH 4 + LiCl + A1C1, (3-155) 

3-14.9-b Tin compounds. Schlesinger and his cc^-workers (2,40,70) 
prepared stannane, SnH 4 , in 20% yield by the reaction of stannic chloride 
and LAH in ether at —30°. Finely divided tin is also obtained and the 
stannane decomposes to form a tin mirror after twelve hours at room tem¬ 
perature. Less than 1% of the theoretical quantity of stannane is ob¬ 
tained when lithium hydride is used in place of LAH (70). 

Wiberg and Bauer (125) found that the reaction of stannic chloride 
with LAH in ether at -60° gives a tin aluminum hydride which is stable 
to -40°. 

SnCl 4 4 4 LiAlH 4 —► Sn(AlH 4 ) 4 4- 4 LiCl (3-156) 

Above -40° this decomposes to stannane or tin and hydrogen and alumi¬ 
num hydride. 

+ 4 A1H S (3-157) 

2 A1H, + Sn(AlH 4 )2 (3-158) 

Sn + H. + 2 AlHj (3-159) 

8.14.10 GronpV 

3.14.10.a Nitrogen compounds . The reaction of lithium borohydride 
with ammonium chloride at 230° yields 30-35% borazole, (HBNH) 3 , which 
does not react appreciably with lithium borohydride (35). 

3 NH 4 C1 + 3 LiBH 4 -* B 3 N 3 H 6 + 3 LiCl + 9H a (3-160) 

The reaction of methylammonium chloride with the borohydride in ether 
gives N-trimethy 1 borazole in 98% yield (126). 

3 CH 1 NH 1 C1 + 3 LiBH 4 (CH s ) s N s B a H a + 3 LiCl + 9 H a (3-l6l) 

Reaction of dimethylammonium chloride with the borohydride yields 
N,N-dimethylaminoborine while trimethyl ammonium chloride yields N-tri- 
methylamine-borine (126). 

(CH 3 ) a NH a Cl 4 LiBH 4 -> (CH 3 ) a NBH a 4 LiCl 4 2 H a (3-162) 
(ai 3 ) 3 NHCl 4 LiBH 4 -> (CH 3 ) 3 N : BH 3 4 LiCl 4 H a (3-163) 

3-14.10.b Phosphorus compounds . The rapid reaction of phosphorus 
trichloride with LAH in ether at less than 0° produces phosphine in good 
yield. When the reactants are refluxed at 75° for one hour in the absence 
of ether, the yield of phosphine is 0.25% (97). 

4 PClj 4 3 LiAlll 4 -► 4 PHj 4 3 LiCl 4 3 A1C1 3 (3-164) 


Sn(AlHJ 4 


rSnH 4 


HI. 4 
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3.14.11 Group V-B 

3.14.11. a Arsenic compounds . Arsenic halides and LAH yield the 
corresponding hydride (2 9 40). 

4 AsCls + 3 LiAlH* -► 4 AsH s + 3 LiCl + 3 A1C1, (3-165) 

3.14.11. b Antimony compounds . Antimony halides and LAH yield 
stibene (2,40). 

4 SbCl, + 3 LiAlH, 4 SbH a + 3 LiCl + 3 A1C1 S (3-166) 

3.14.12 Group VI-A 

3.14.12. a Uranium compounds . Uranium (IV) borohydride is prepared 
by the reaction of uranium (IV) fluoride with excess aluminum borohydride 
at room temperature (30,60). 

UF 4 + 2 A1(BH 4 ) 3 -+ U(BHJ 4 + 2 Al(BH 4 )F a (3-167) 

Uranium (IV) chloride can also be used as can lithium borohydride in the 
presence of ether. The green crystals of the borohydride are volatile at 
room temperature without melting. At temperatures below 70° it is fairly 
stable. At 100° it decomposes to give uranium (III) borohydride. 

2 U(BH 4 ) 4 — 2 U(BH 4 ) 3 + 2 A1(BH 4 )F, (3-168) 

At 150-200° uranium (IV) borohydride undergoes decomposition to give a 
metallic mirror. 

U(BHJ 4 -> UB 4 (or U + 4B) + 8 H a (3-169) 

Uranium (IV) borohydride is fairly stable to dry air while uranium (HI) 
borohydride is pyrophoric. 

3.15 REACTIONS IN AQUEOUS SOLUTION 

The stability of aqueous solutions of sodium borohydride and cri- 
methoxyborohydride permits the use of such solutions in the reduction of 
various inorganic cations and anions. 

3.15.1 Sodium Borohydride 

In aqueous solution sodium borohydride reduces silver, bismuth, ar- 
senic, and antimony salts to the free metal (33). Ions of cerium (IV), 
chromium (VI), thallium (III) and (I), mercury (II) and (I), and iron (HI) 
are reduced to the next lower stable valence state (127). Iron may be 
determined analytically by reduction to the ferrous state with an excess 
of sodium borohydride in a slightly alkaline solution (14,127). 

The reduction of nickel (II) sulfate and cobalt (II) chloride in aqueous 
solution yields black precipitates whose analyses correspond to nickel 
boride, Ni z B (33), and cobalt boride, Co a B (14), respectively. Manga- 
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nese (II), iron (II), nickel (II), and copper (II) chlorides similarly yield 
dark suspensions or precipicaces which are probably borides. These pre¬ 
cipitates are effective catalysts for the generation of hydrogen from an 
aqueous solution of sodium borohydride. The catalytic action is highest 
in the case of the cobalt product, somewhat less for nickel and least for 
iron, manganese, and copper (14). 

The boride precipitates have been prepared and isolated for use as 
hydrogenation catalysts (128). The black precipitate prepared from nickel 
(II) chloride or sulfate and sodium borohydride in aqueous or methanol 
solution contains 7.7% boron (theoretical for Ni a B = 8.5%) and is slightly 
less active than Raney nickel, but if nickel (II) acetate is used the cata¬ 
lyst is as active as Raney nickel. A similar precipitate prepared from 
a cobalt (II) salt contains 7.9% boron (theoretical for Co a B = 8.5%) but 
is less active than the nickel catalyst while a copper catalyst is still 
less active. The addition of sodium borohydride to a solution of nickel 
(II) chloride and chromium (VI) sulfate yields a complex catalyst con¬ 
taining 5-3% boron and 2% chromium. Similar catalysts containing 2% 
molybdenum or 2% tungsten have also been prepared. These complex 
catalysts are much more active than Raney nickel. Cobalt-chromium and 
cobalt-tungsten complexes containing 2% chromium or tungsten are more 
active than the simple cobalt boride catalyst. 

The reduction of iodine (129), potassium iodate (130), and sodium 
hypochlorite (131) to the corresponding halides has been utilized in the 
volumetric assay of aqueous sodium borohydride solutions. 

3.15.2 Sodium Trimelhoxyborohydride 

Aqueous sodium trimethoxyborohydride solutions reduce silver nitrate, 
arsenious oxide, bismuth nitrate, and antimony trichloride to the free 
metal. Mercuric (II) chloride is reduced to a mixture of mercurous (I) 
chloride and free mercury. Lead nitrate and zinc nitrate are converted 
go the insoluble white hydroxides. Nickel, cobalt, and ferrous salts 
yield black precipitates which are probably the borides. Copper sulfate 
solutions give dark brown precipitates which do not contain boron and, 
in contrast to the copper hydride prepared by reducing copper solutions 
with potassium hypoborate, do not evolve hydrogen. Bromine in carbon 
tetrachloride is immediately decolorized while ferricyanide ion is re¬ 
duced to ferrocyanide ion (22). Potassium permanganate, ceric sulfate, 
and hydrogen peroxide solutions are also reduced by the trimethoxyboro- 
hydride (132). 
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CHAPTER 4 


REACTIONS WITH 

ORGANIC DERIVATIVES OF INORGANIC REACTANTS 

4.1 COMPOUNDS CONTAINING HALOGEN 

As in the reduction of inorganic halides with LAH, alkyl or aryl deriva¬ 
tives of such halides are reduced to the corresponding hydrides. The re¬ 
action can be represented (1-3) by the generalized equation: 

(4 - x) LiAlH« + ER,C1 4 _ x —> (4 - x) LiCl + (4 - x) A1C1, + 4 ER X H 4 _ X 

(4-1) 

x = 0 to 3 R * alkyl or aryl 

4.1.1 Organo halo si lanes 

The reduction of mono-, di-, and tri-substituted chlorosilanes in ether 
solution has been carried out in the synthesis of the corresponding si¬ 
lanes in high yield. The fluorine atom in triethylfluorosilane has beers 
replaced to yield 85% triethyl silane (4). Diechylchlorodisilane has been 
reduced to diethyldisilane (1) while various bis-trichlorosilylalkanes have 
been reduced to the corresponding disilylalkanes (5). Among the latter 
it has been observed that when excess LAH solution is added to bis- 
trichlorosilylmethane no product is obtained. However, when the chloro- 
silane is added to the ethereal LAH solution an 80% yield of disilylme- 
thane is obtained (5). 

T A U 

Cl 3 SiCH 2 SiCl 3 -► H 3 SiCH a SiH 3 (4-2) 

Tritium-labeled triphenylsilane has been prepared by the reduction of the 
trichloro compound with LiAlH 4 -t (6). 

Reductions of organohalosilanes with LAH in ether solution are sum¬ 
marized in Table 1. 

While LAH reduction of diethyldichlorosilane proceeds in ether in good 
yield, the use of lithium hydride requires higher temperatures necessi¬ 
tating the use of dioxane as solvent. When sodium hydride is used in 
dioxane, no reaction occurs until aluminum chloride is added to give a 
23% yield of diethylsilane (1,3)- The influence of aluminum chloride sug¬ 
gests that sodium aluminum hydride is the effective reducing agent. 

The reaction of dimethylaminotrichlorosilane or bis-dimethylamino- 
dichlorosilane with powdered LAH, or with LAH in ether solution, af- 
ford$ an excellent yield of silane and a trace of hydrogen (7). 

LAH 

(ClIj)jNSiClj -» SiH« + H 2 (4-3) 
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L. AH 

[(CH,),Nl,SiCl a -» SiH 4 + H, (4-4) 

LAH is thus able to reduce the chlorine and in addition cleaves the 
silicon-nitrogen bond. The ease of cleavage of the silicon-nitrogen bond 
has been shown by the reaction of tri-silylamine and boron trichloride at 
-78° to yield N,N-bis-silyIaminodichloroborine (8). 

(SiH s ) s N + BC1 3 -> (SiH a ) a NBCl a 4- ClSiH a (4-5) 

4.1.2 Organohalogermanes 

The reduction of organohalogermanes, according to equation (4-1), has 
been applied to the preparation of substituted germanes (1-3). Triphenyl- 
bro mo germane is readily reduced by LAH in ether to the corresponding 
hydride (9,10). This reaction has been utilized in a unique separation 
technique. Bromination of tetraphenylgermane or hexaphenyldigermane 
yields a mixture of triphenylbromogermane and diphenyldibromogermane 
whose fractionation is difficult due to the similarity of physical proper¬ 
ties. Subjection of the mixture to reduction with LAH yields a mixture 
of triphenylgermane and diphenylgermane which is readily fractionated. 
The diphenylgermane is readily brominated to yield dibromophenylger¬ 
mane (11). 

A similar technique has been applied to the LAH reduction, in iso¬ 
propyl ether, of the mixture of propylchlorogermanes produced by the re¬ 
action of germanium tetrachloride and n-propyllithium. 

GeCl, + C s H 7 Li -4 C,H 7 GeCl, + (C a H 7 ) a GeCl a + (C 5 H 7 ) a GeCl 

I LAH 

C s H 7 GeH s + (C a H 7 ) a GeH 


(4-6) 
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Although dipropyldiehlorogermane is present in the mixture obtained from 
the reaction with n-propyllithium, no dipropylgermane has been detected 
among the LAH reduction products (12). 

The reaction of n-propyltrichlorogetmane with LAH in isopropyl ether 
produces n-propylgermane in 85% yield. When the reaction is carried out 
in dioxane at 100the germanium-carbon bond is attacked as well as 
the germanium-chlorine bond resulting in the deposition of germanium 
metal and the formation of germane (12). 


CjH 7 GeClj 



C 3 H 7 GeHj 
GeH 4 + Ge 


(4-7) 

(4-8) 


The reactions of tricyclohexylchlorogermane (10) and tri-l-naphthylbro- 
mogermane (13) with LAH yield 87% tricyclohexylgermane and 82% tri-1- 
naphthylgermane, respectively. 


4.1.3 Organohalostfbenes, Halostannanes, and Halo arsines 

The reduction of organohaloantimony (2,3), tin (1-3), and arsenic (2,3) 
derivatives yields the corresponding stibenes, stannanes and arsines. 
LAH reduction of methyltrichlorostannane (1), dimethyldichlorostannane 
(1,14), trimethylchlorostannane (1), and triphenylbromostannane (15) 
yields methylstannane, dimethylstannane, trimethylstannane, and tri- 
phenylstannane, respectively. A mixture of mono-, di-, and trialkyl- 
chlorostannanes has been reduced wirh LAH because the hydrogen com¬ 
pounds are easier to separate from each other than are the chloro deriva¬ 
tives (1). Substitution of lithium hydride for LAH in the reduction of tin 
compounds results in slower reactions, and the yields are satisfactory 
only when a large excess of the hydride is employed. 

Treatment of tris-trifluoromethylarsine with iodine yields trifluoro- 
methyldiiodoarsine and di-trifluoromethyliodoarsine. Reaction of the 
mono- and diiodo compounds with LAH yields the corresponding arsines 
( 16 ). 

(CF^As + I a -> CFjAsIj + (CF s ) a AsI 

LAH I LAH (4-9) 

CFjAsH a (CFj) a AsH 


4.1.4 Organohalopliospliines 

The reduction of phenyldichlorophosphine with LAH (17-19) or lithium 
hydride (18) in ether yields phenylphosphine. 

C 6 H b PC1 2 -> C 6 H § PH 2 (4-10) 

When the reduction is carried out with lithium borohydride in tetrahydro- 
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furan the phenylphosphine is accompanied by an unidentified white solid 
(19)- 

4.1.5 Orpnoh al obori n es 

While it has been reported (8) that N f N-bis-silylaminodichloroborinc p 
(SiH 3 ) a NBCl 2 , prepared as in equation (4-3), could not be reduced with 
LAH in ether, the reaction of bis-dimethylaminochloroborine with pow¬ 
dered LAH readily yields the corresponding hydride (20). 

1 AH 

[(CH 3 ) a Nl a BC:i --> [(CH 3 ) a Nl a BH (4-11) 

4.1.6 Organolead halides 

Application of LAH reduction to organolead halides has been reported 
to result in partial reduction to metallic lead and to the formation of un¬ 
stable, volatile lead compounds which were not identified (1). 

4.1.7 Organomagneslum Halides 

Treatment of a Grignard compound with LAH yields a substituted mag¬ 
nesium aluminum hydride (21). 

RMgX + LiAlH 4 -> RMgAlH 4 + LiX (4-12) 

4.2 COMPOUNDS CONTAINING OXYGEN 

Tricyclohexylgermanol, a germanium analog of a tertiary alcohol, is re¬ 
duced by LAH to tricyclohexylgermane in “practically quantitative’* 
yield (10). 

4 (C 6 H u ) 3 GeOH + LiAlH 4 4 (C.H^GeH + LiOH + Al(OH) 3 

(4-13) 

The cleavage of the germanium-oxygen bond is also observed in the re¬ 
duction of di-triphenylgermyl oxide to triphenylgermane (10). 

I All 

(C,H,)jGe—O—Ge(C,H,)j -*• (C 6 H f ),GeH (4-14) 

The silicon-oxygen bond is cleaved in the reduction of tri-l-naphthyl- 
ethoxysilane with LAH in ether to give tri-1 -naphthylsilane in 90% yield 
( 22 ). 

I All 

RjSiOCjHj -U R s SiH (4-15) 

R = 1-naphthyl 

Treatment of copper aluminum ethoxide, Cu [Al(OC a H 5 ) 4 ] 2 , with LAH 
results in no visible reaction (23)- 

Sodium hydride reacts smoothly with aluminum ethylate in ether solu¬ 
tion, in the presence of a small amount of LAH, to form a crystalline 
ether-soluble addition compound. 
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L. AH 

A1(OC 2 H s ) 3 + NaH -► Na [(C 2 H 5 0) S A1H] (4-16) 

An analogous reaction occurs with lithium hydride. However, an alkoxy 
group is simultaneously replaced by hydrogen, leading ultimately to the 
formation of LAH (24). 

Al(OC,H,)j + LiH LI[(C,H s O)jAIH] (4-17) 

LitfCjHjOJjAlHl + LiH -► Li[(C J H,0) I AlH 1 ] + LiOC,H, (4-18) 

Lil^HjOijAlH,] + 2 LiH -» LiAlH 4 + 2 LiOC 2 H, (4-19) 

The reductive cleavage of the organic esters of nitric and nitrous acids 
with LAH is discussed fully under the reduction of esters (Section 
9.1,1.a), Briefly, the reaction of nitrates and nitrites with LAH proceeds 
in two steps: the reaction step yields nitrous oxide and hydrogen while 
the hydrolysis step yields ammonia, hydrogen and the parent carbinol. 
Nitrites produce relatively more nitrous oxide and less ammonia than 
nitrates (25). 

RONO, AH -» ROH + N O + NH, + H, (4-20) 

2 2 . HjO 

RONO ' - LAH « ROH + N,0 + NH, + H. (4-21) 

2. H a O 1 

This reaction has been applied to sugar nitrates (26,27) as well as sim¬ 
pler organic esters (25). 

The reductive cleavage of phosphates with LAH is also discussed in 
Section 9.1.1.a. Among the reduction products are phosphoric acid, phos¬ 
phine and the parent carbinol (28). 

OH 

l 1 I AJJ 

ROP —o —-► ROH + H 3 P0 4 + PH, (4-22) 

| 2. HjO 

OH 

4.3 METAL ALKYLS 

The reaction between LAH and metal alkyls has been utilized in the 
preparation of hitherto unknown or difficultly accessible hydrides. 

4.3.1 Beryllium Alkyls 

Schlesinger and his co-workers have reported the preparation of beryl¬ 
lium hydride by the treatment of dimethylberyllium with LAH in ether so¬ 
lution (2,3,29,30). 

(CH s ) a Be + LiAlH 4 — BeH 2 + LiAIH 3 (CH s ) (4-23) 

The hydride cannot be obtained ether-free by this procedure. An attempt 
to prepare an ether-free product by the reaction of dimethylberyllium with 
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liquid dimethyl aluminum hydride, in the absence of solvents and in iso¬ 
pentane solution, according to the equation, failed to produce a product 
free from methyl groups. 

(CH 3 ) 2 Be + 2 (CH 3 ) 2 A1H —► 2 A1(CH 3 ) 3 + BeH a (4-24) 

The isolation of solid methyl beryllium hydride (29,31) in an experiment 
in which an excess of dimethyl beryllium was used, indicates the possi¬ 
ble existence of an intermediate, reversible reaction represented by the 
equation 

(CHj) a Be + (CH 3 ) 2 A1H CH 3 BeH + A1(CH S ) 3 (4-25) 

4.3.2 Magnesium Alkyls 

Wiberg and Bauer (21) reported that although the reaction of a Grignard 
reagent with LAH yields a substituted magnesium aluminum hydride, a 
dialkylmagnesium does not react with LAH. Schlesinger et al . (29,31,32) 
found that a reaction occurs to yield magnesium hydride but that the 
purity and possibly rhe nature of the product depend on the proportions of 
the reactants, the order of their addition and the concentration of the so¬ 
lutions. Addition of an ether solution of diethylmagnesium to a large ex¬ 
cess of an ethereal solution of LAH, followed by addition to benzene, 
results in the deposition of a solid containing ether, whose composition 
is indicative of either a compound of the formula HMgAlH 4 or a mixture of 
magnesium and aluminum hydrides. If an ether solution of LAH is added 
to an excess of an ethereal solution of diethylmagnesium, a product is 
obtained which is contaminated with ether and whose analysis corre¬ 
sponds to magnesium hydride of 75% purity (29). 

4.3.3 Zinc Alkyls 

The addition of dimethyl zinc to an ether solution of LAH results in the 
precipitation of zinc hydride in excellent yield (2,3,14,29,31,33). 

(CH 3 ) 2 Zn + 2 LiAlH, —> ZnH 2 + 2 LiAIH 3 (CH 3 ) (4-26) 

The hydride is also obtained by the reaction of dimethyl zinc with di¬ 
methyl aluminum hydride (29). Volatile products such as dimethyl alu¬ 
minum hydride and methyl zinc hydride are apparently intermediates in 
the LAH reaction (29,3 D- 

4.3.4 Cadmium Alkyls 

While beryllium and zinc hydrides are stable at room temperature, cad¬ 
mium hydride undergoes rapid decomposition at about 0°, necessitating 
the carrying out of the reaction between dimethylcadmium and LAH in 
ether solution at -78.5 °. If the temperature is allowed to rise to 2°, the 
hydride decomposes into metallic cadmium and hydrogen (29*31)- 

(CH 3 ) 2 Cd + 2 LiAlH 4 -> CdH 2 + 2 LiAlH 3 (CH s ) (4-27) 
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4-3.5 Mercury Alkyls 

Attempts to prepare a hydride of mercury by the reaction of an alkyl 
mercury compound and LAll have led, even at -80°, to the rapid produc¬ 
tion of mercury and hydrogen (29,31)- The reaction of diphenylmercury in 
ether with excess LAH results in the immediate separation of mercury 
and the isolation of benzene (34). 

4.3.6 Aluminum Alkyls 

The reaction of trimethylaluminum with LAH in a sealed tube at 70° 
yields dimethyl aluminum hydride (2,29,31). 

(CHj) s Al + LiAlH 4 -4 (CH 3 ) 2 A1H + LiAlH 3 (CH 3 ) (4-28) 

Diethyl chloroaluminum, resulting from the interaction of aluminum tri¬ 
ethyl and aluminum chloride, reacts with lithium or sodium hydride to 
form diethyl aluminum hydride (35). 

2 (C a H 5 ) 3 Al + AlClj 3 (C 2 H 5 ) 2 A1C1 (4-29) 

(C; 2 H 5 ) 2 A1C1 + LiH (C a H 5 ) a AlH + LiCl (4-30) 

The stepwise addition of ethylene to aluminum hydride also yields the 
diethyl aluminum hydride (35). 

4.3.7 Gallium Alkyls 

Dimethyl aluminum hydride is obtained by the reaction of LAH with 
trimethylgallium (31). 

(CH 3 ) 3 Ga + LiAIH 4 -♦ (CH 3 ) 2 A1H + LiGaH s (CIi s ) (4-31) 

4.3.8 Boron Alkyls 

The reaction of trimethylboron with LAH also yields dimethyl aluminum 
hydride (29,3 D- 

(CH 3 ) 3 B + LiAlH 4 (CH 3 ) a AlH + LiBH 3 (CH 3 ) (4-32) 

Treatment of dimethyl ammonium chloride with lithium borohydride yields 
N v N-dimethylaminoborine (36). The borine derivative reacts with alumi¬ 
num borohydride to yield a complex mixture of products, including a di- 
methylaminoboron hydride and some aminoborohydrides of aluminum (A). 

(CH s ) a NH a Cl + LiBH 4 (CH 3 ) 2 NBH 2 + LiCl + 2 H a (4-33) 

(CH 3 ) 2 NBH a + A1(BH 4 ) 3 (CH 3 ) a NB a H 5 + A (4-34) 

The oily liquid aluminum aminoborohydrides (A) are spontaneously in¬ 
flammable and react with diborane to form the dimethylaminoboron hydride 
and aluminum borohydride (37). 
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4.3.9 Llthlam Alkyls 

The interaction of methyliithium with excess LAH in ether solution 
yields lithium hydride (29,31)- 

CH a Li + LiAlH 4 LiH + LiAlH 3 (CH 3 ) (4-35) 

The analogous reaction between ethyllithium and aluminum borohydride 
yields lithium borohydride (3S,39). 

3 C a H s Li + AJ(BH 4 ) 3 3 LiI3H 4 + (C 2 H 5 ) 3 A1 (4-36) 

The reactions shown in equations (4-23)i (4-26), (4-27), (4-2fl), and 
(4-35) indicate the formation of a methyl derivative of LAH. Although no 
evidence for the existence of such a derivative has as yet been pub¬ 
lished, it has been indicated chat such evidence is forthcoming (29)- 
Ziegler (35) has reported chat LAH and echylene readily undergo an addi¬ 
tion reaction at a little above 100° to give, stepwise, ethylated lithium 
aluminum hydrides and, finally, as the end product, lithium aluminum 
tetraethyl. 

LiAIH 4 + C 2 H 4 -> LiAlH s (C 2 H 5 ) ... LiAl(C 2 H 5 ) 4 (4-37) 

All monosubsticuced erhylenes behave in the same manner to yield lith¬ 
ium aluminum tetraalkyls. 
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CHAPTER 5 


COMPLEX METAL HYDRIDES AS 
ANALYTICAL REAGENTS 


The rapidity and quantitative nature of the reactions of LAH with or¬ 
ganic compounds, as well as the great variety of functional groups which 
are reduced by the reagent has prompted expanding application of LAH 
as an analytical reagent. The absence of the usual side reactions, poly¬ 
merizations, condensations, or cleavages, as well as the fact that reac¬ 
tions can in most cases be carried out with standard techniques, similar 
to those used in Grignard reactions, make LAH a valuable addition to the 
tools of analytical research. The measurement of the hydrogen liberated 
by the reaction of LAH with compounds containing active hydrogen af¬ 
fords a method of quantitatively carrying out such determinations. Meas¬ 
urement of the amount of reagent consumed permits the determination of 
reactive functional groups. The keto-enol content of tautomeric sub¬ 
stances can be determined in an analogous manner. The appearance of 
the azo color on the reduction of nitro, nitroso and azoxy compounds with 
LAH permits the reagent to be used as a qualitative test reagent. The 
commercial availability of LAH coupled with the continual broadening of 
application of the reagent, guarantees its place as an analytical tool. 

The water solubility of sodium borohydride has permitted its applica¬ 
tion in the quantitative determination of reactive functional groups of 
water-soluble, ether-insoluble compounds. 


5.1 DETERMINATION OF ACTIVE HYDROGEN 
AND FUNCTIONAL GROUPS 

5.1.1 Analytical Techniques 

The quantitative nature of the reaction of LAH with various types of 
organic compounds and the similarity of its behavior to that of the Gri¬ 
gnard reagent have led to the development of analytical methods similar 
to the Zerewitinoff procedure. These methods utilize LAH in the quanti¬ 
tative determination of active hydrogen and reducible groups in organic 
compounds. 

The reaction of LAH with compounds containing active hydrogen re¬ 
sults in the consumption of one-quarter mole of LAH and the liberation of 
one mole of hydrogen gas for each atom of active hydrogen present. Anal¬ 
yses are carried out in modifications of the apparatus used for the 
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Zerewitinoff determination with methylmagnesium iodide. A known amount 
of material is added to an ether solution of LAH and the liberated gas is 
measured (1-7). Measurement of the hydrogen evolved on a macro scale 
is suitable for following the course of an LAH reduction (8). The deter¬ 
mination of the concentration of LAH in organic solution, e.g., ether, is 
carried out in an analogous manner by measuring the hydrogen evolved by 
the hydrolysis of a known volume of solution (1,4,9-15)- By reversing 
the procedure, the same overall reaction can be used for the determina¬ 
tion of water in organic compounds. Treatment of the sample, such as a 
hydrocarbon, with a 1% solution of LAH in diethylene glycol diethyl ether 
and measurement of the evolved hydrogen, permits the analysis in con¬ 
centrations of 0.1% to be performed with a precision of ±0.005% (16). 
The hydrolysis of an LAH solution can be utilized to determine the ex¬ 
tent of reduction by LAH in a reaction mixture (4,14). Determination of 
the amount of reagent consumed permits the determination of reactive 
functional groups (2,4,14). 

The ga5ometric method for the microanalytical determination of active 
hydrogen, and functional groups has been modified so that the end reac¬ 
tion is volumetric. Thus, the hydrogen liberated on treatment of a sample 
with an n-propyl ether solution of LAH is carried with a stream of nitro¬ 
gen into a combustion tube, wherein it is heated to 1100° over copper 
oxide. The hydrogen is oxidized to water which reacts with hot carbon to 
form carbon monoxide. The latter reacts with iodine pentoxide with lib¬ 
eration of iodine, which is oxidized to iodate by bromine in glacial acetic 
acid, and the iodate is determined by iodometric titration with sodium 
thiosulfate (7,17,18). A further modification of this procedure calls for 
trapping the sublimed iodine in a potash tube from which it is washed out 
and determined volumetric ally with thiosulfate (19). 

A totally volumetric method involving an electrometric titration has 
been developed by Iliguchi, based on the sharp change in the reduction 
potential of the system when the last trace of LAH is removed by reac¬ 
tion. A solution of LAH in tetrahydrofuran is added to the sample in the 
same solvent, and the excess LAH is back titrated potentiometrically 
with a standard solution of ethanol or propanol in benzene (20,21). Since 
molecular oxygen reacts rapidly with LAH in solution, all analyses and 
storage of reagents are carried out under nitrogen (22). 

A further advance in volumetric methods has been the application of 
various N-substiruted p-aminoazobenzene derivatives as color indicators 
in place of the potentiometric end point (23)- The indicator with the 
sharpest end point is N-phenyl-p-aminoazobenzene. The color reaction 
with the p-aminoazobenzene derivatives has been postulated as proceed¬ 
ing according to the following equations: 
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(5-1) 


Although LAH is satisfactory for the titration of very weak acids by 
the above method, it suffers from the drawback that its strong reducing 
action results in the reduction of other functional groups. Lithium alumi¬ 
num amides, prepared by the reaction of LAH in tetrahydrofuran on n- 
butylamine, di-n-butyl amine, pyrrolidine and piperidine, have been re¬ 
ported to be suitable basic reagents for the titration of alcohols and 
phenols (24). The mole ratio of LAH and amine is adjusted so that only 
one hydrogen is displaced from each amine molecule. Replacement of the 
second hydrogen results in the precipitation of the reaction product, at¬ 
tributed to the formation of polymer structures. The amide formed from 
LAH and ammonia is unsuitable for use in the titration procedure because 
of its insolubility in tetrahydrofuran or other ethers, whereas the product 
derived from aniline darkens on standing. The indicator developed for 
LA11 titrations is satisfactory for the titrations using the lithium alumi¬ 
num amides. Compounds like acetophenone and benzophenone behave 
like monobasic acids with excess basic reagent, whereas benzoic acid 
takes up three equivalents of base per mole. 

Analyses of functional groups in aqueous solution by sodium borohy- 
dride are carried out by the addition of a standard solution of the boro* 
hydride in 0.1 N sodium hydroxide. The pH is reduced to a value of 9-10 
during the reduction by the addition of boric acid. After reduction, the 
solution is acidified to pH 1, the excess borohydride decomposes and the 
evolved hydrogen is measured (25). The volumetric procedures reported 
for the analysis of solutions of sodium borohydride are applicable to the 
analysis of functional groups, by utilizing such procedures for the deter¬ 
mination of excess unreacted borohydride. 

5.1.2 Scope and Applications 

Comparison of the action of LAH with that of the Grignard reagent for 
the determination of active hydrogen has shown chat in most cases the 
former reagent is superior, proceeding more vigorously and rapidly at a 
lower temperature, and further toward completion with fewer side reac- 
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tions and steric influences (1*3)- Reactions are carried out at tempera¬ 
tures ranging from 0° to 100° in diethyl ether, di-n-propyl ether, di-w- 
butyl ether, or N-ethyl-morpholine. An important factor, in the determina¬ 
tions, is the solubility in the reaction medium of both the starting mater¬ 
ial and the intermediate products. Hydroquinone, succinic acid, and 
terephthalic acid are reported to react very slowly and inconclusively 
with LAH in active hydrogen determinations in ether at 0° due to the for¬ 
mation of insoluble material which inhibirs the reaction (1). 

Alcohols (1,3,26,27), glycols (1,3), phenols (1,3,5,6,17), acids (1-3,5, 
6,17,26), amides (1,3), amines (1,3,6,28,29), and various miscellaneous 
compounds react with LAH to give results in good agreement with calcu¬ 
lated values. Primary amines and unsubstituted amides liberate two hy¬ 
drogen atoms at 0° (1) or at ordinary temperatures (3) with LAH while 
the Grignard reagent liberates one hydrogen atom at ordinary temperatures 
and the second on heating (30). With LAH at 100°, 1-pheny 1-2- 
naphthyl amine shows 1.94 active hydrogen atoms per mole of compound 
while with mechylmagnesium iodide only one active hydrogen atom is de¬ 
tected under the same conditions (28). Aniline with LAH at 98° reveals 
2.01 active hydrogen atoms while the Grignard reagent indicates 1.52 
atoms (2). 

An interesting contrast in the behavior of LAH and rhe Grignard re¬ 
agent in the determination of active hydrogen in a compound containing a 
secondary amino group has been reported and indicates the effects of 
side reactions (3D- When the reaction mixture obtained by adding phenyl- 
magnesium bromide to sryryl cyanide is hydrolyzed with an ice cold aque¬ 
ous ammonium chloride solution, a 40% yield of dimeric compound hav¬ 
ing the proposed structure (I) is obtained. Active hydrogen determina- 

H H 

c 6 h 5 c:-C- (X 6 )I, 

HCX fi n s 


UN -N 


tions using a 0.5 mole excess of methylmagnesium iodide indicate one 
active hydrogen per molecule. With a large excess of Grignard reagent, a 
total of 1.7 active hydrogens per molecule is indicated and at the same 
time a clear orange solution is formed instead of the white precipitate as 
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in the previous case. This behavior is attributed to the formation of a 
polymolecular complex in the presence of a large concentration of Gri¬ 
gnard reagent. Determinations using LAH show the presence of 1.0 ac¬ 
tive hydrogens even when a large excess is used. 

LAH indicates the presence of t*vo active hydrogen atoms (1,3) in ni¬ 
trobenzene while the Grignard reagent indicates between 1.0 and 1.9 
atoms (32). Nitromethane shows more than two active hydrogens with 
LAH (1) and less than one with Grignard reagent (33,34). Benzoic acid 
with LAH at 98° shows 1.02 active hydrogen atoms while methylmagne- 
sium iodide shows 1.17 atoms (2). However, the superiority of the hy¬ 
dride is seen in the measurement of reagent consumed in this case since 
a quantitative reaction occurs with LAH but not with the Grignard re¬ 
agent. In a similar manner, treatment of *fW2s-2,5-diphenyl-4- 
carbethoxyoxazoline (II) with LAH indicates that one of the hydrogens of 

C 6 H 5 CH -CHCOOC a H 5 



C 


C 6 H a 

II 

the oxazoline nucleus is mobile while reaction with the Grignard reagent 
in the Zerewitinoff apparatus is negative (35). 

The presence of steric hindrance or enolizable groups points up rhe 
superiority of LAH in many cases. With methylmagnesium iodide Ot.Ol- 
diphenyl-/3-propiolactone (III) (2,36) and methyl a,OL-diphenylpropionate 
(2) are practically inert even on heating, but with LAH at room tempera¬ 
ture the theoretical quantity of reducing agent for one ester group is 
consumed. 

(C 6 H 5 ) a C-C =0 (C fi H 5 ) 2 CCN (C fi H s ) a CCN 

CH a — 6 CH a N(C a H s ) a CH 2 CH(CH 3 )N(CH a ) 2 

III IV V 

Zaugg and Horrom (2) have compared the behavior of a series of ni¬ 
triles of varying complexity. With diphenyl acetonitrile, LAH offers no 
advantage over the Grignard reagent. Similarly, increasing complexity of 
substitution of the Ot-carbon, as in (IV) and (V), does not affect reactiv¬ 
ity since both reagents act quantitatively on heating. Substitution of a 
cyclohexyl for a phenyl group results in hindrance to addition to the ni¬ 
trile group. Cyclohexylphenylacetonitrile (VI) reacts with both reagents 
with more difficulty than the diphenyl compound. However, while a 92% 
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,CN 

c 6 h 5 chcn c 6 h s c^ 

C.H.. CH 2 CH 2 N(C 2 H s ) a 

C.H lt 

VI VII 

reacclon is obtained with LAH, under the same conditions methylmagne- 
sium iodide gives only a 75% reaction. Further, LAH indicates only half 
of the amount of active hydrogen, due to enolization, shown by the Gri- 
gnard reagent. In the case of the more hindered nitrile (VII), practically 
no reaction of the Grignard reagent is observed even on long heating 
while heating with LAH produces a satisfactory result. An unexplained 
significant amount of active hydrogen is indicated with both reagents. 

Both reagents behave similarly with diphenylacetamide. The reaction 
with the amide function is not quantitative and high results are obtained 
for active hydrogen. The hindered amide derived from VII gives a normal 
value for active hydrogen with LAH while the Grignard reagent gives a 
lower value. Although reaction of the amide group with LAH is not quan¬ 
titative, practically no reaction takes place with methyImagnesium iodide. 

The reaction of phenylhydrazine with LAH gives erratic results which 
average more than three apparent active hydrogen atoms. Partial cleav¬ 
age of the N-N bond is suggested as responsible for this effect. The de¬ 
termination of moles of LAH consumed in the reduction of an unsaturated 
compound containing functional groups gives unsatisfactory results in 
many cases due to the reduction of the unsaturated linkage at the tem¬ 
peratures utilized in the determinations (1). 

It has been proposed that in the reduction of the ethyl ester of erythro - 
j8-p-nitropheny I serine (VIII) LAH reacts first with the oxygenated func¬ 
tions, the hydroxyl and ester groups, and subsequently with nitrogen con¬ 
taining functional groups, the amino and nitro groups (37). This is sur¬ 



prising in view of the expected greater rapidity of reaction of the groups 
containing active hydrogen. 

The electrometric method described in Section 5.LI has been applied 
by Higuchi to the analysis of essential oils and essential oil isolates, 
giving experimental values in fair agreement with theory (38). The LAH 
equivalence has been suggested as an index for purity and identity of 
volatile oils (38). This method has also been applied to a series of phar- 
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maceutical compounds, including alkaloids, with an average error of less 
than 2% (39). 

The analytical procedure described in Section 5.1.1 has been applied 
to the estimation of aldoses and ketoses by the reduction of the sugars 
in aqueous solution with sodium borohydride (25). 

In what is not a strictly analytical application, LAII has been utilized 
in the conversion of various complex molecules to more readily charac¬ 
terized and identified units. Thus, the reaction of a protein with LAH in 
a suspension of N-erhylmorpholine results in the reduction of the termi¬ 
nal carboxyl groups of primary alcohols- After hydrolysis of the protein 
and extraction of the amino alcohols, they are identified by paper chro¬ 
matography. This method permits the characterization of the amino acids 
situated at the ends of peptide chains and has been utilized to identify 
glycine and alanine residues in insulin (40-44) and phenylalanine in 
ovomucoid (42,44). Reduction with lithium borohydride in tetrahydrofuran 
has also been utilized in the determination of the structural units com¬ 
prising the insulin molecule (45,46). 

Sodium borohydride in aqueous solution has been utilized in an analo¬ 
gous manner in the reduction of (l polyaIdehydes ,f resulting from the per¬ 
iodate oxidation of polysaccharides. The “polyalcohols" formed in such 
reductions are hydrolyzed and the cleavage products separated by parti¬ 
tion chromatography and determined quantitatively. The results obtained 
in this manner provide information concerning the nature and amount of 
glycosidic linkages in a polysaccharide (47). 

5.2 KETO-ENOL TALITOMERISM 

Compounds exhibiting keto-enol tautomerism react with LAH as though 
they are partially enolized. The rapidity of the reaction with the keto 
form prevents complete enolization (1,18). This is in marked contrast to 
the Grignard reagent which indicates the existence of such compounds 
mostly in the enol form. Thus, ethyl acetoacetate is 50-70% enolized 
according to its reaction with LAH (1,3,18) and 90-100% according to the 
Grignard reaction (30,48). Diethyl malonate reacts with the hydride as 
though it were 50-60% enolized (1,3,18) and with the Grignard reagent as 
though it existed 100% in the enol form (48). 

Hofling, Lieb, and Schoniger (18) have pointed out that the enol con¬ 
tent obtained with the use of LAH is in many cases tenfold that obtained 
by bromination, physicochemical methods, etc. The discrepancy may be 
partially explained by the enolizing influence of ethereal solvents, Meyer 
(49-51) has shown that in ether solutions, results indicate a higher enol 
content than with the pure substance in the absence of solvent, e.g., ace- 
toacetic ester contains 7 . 4 % enol content in the pure state and 50-100% 
in ethereal solution, as indicated above. A further explanation for the 
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high results with LAH is the possible displacement of the equilibrium by 
the alcoholate formed by the reaction of LAH with the tautomeric sub¬ 
stance (10). It has been shown that solvents play little part in the tau- 
tomerism of monosubstituted malonic esters since neither as pure liquids 
nor in solvents can detectable amounts of enol be determined. However, 
in the presence of LAH in ethereal solution, the enol content is found to 
range from 1R to 28% (1,3,18). This is considered as evidence for the 
enolizing influence of the hydride (18). 

Hof ling and his co-workers have reported that while the same LAH so¬ 
lution can be used for a series of analyses in the determination of active 
hydrogen with non-enolizing substances, this is not possible for the ex¬ 
amination of tautomeric compounds since in these cases high results are 
obtained. Reproducible results are obtained only when a fresh LAH so¬ 
lution is used for each analysis (18). 

Application of LAH analysis to 3,5-dicarbethoxy-4-methylcyclopentan- 
1,2-dione (IX) indicates reaction in the dienol form (52). However, the 


0— C— C = 0 

I I 

C,H,OCOCH CHCOOCjH, 


CH. 

IX 


enolizing influence of rhe reagent must be taken into consideration in in¬ 
terpreting such results. 

Due to the difference in reactivity of LA1J and the Grignard reagent, 
both reagents can be profitably used in the analysis of compounds of un¬ 
known structure. The influence of steric factors plays an important parr 
in these determinations. Thus, acecomesitylene is approximately B0% 
enolized according to the Zerewitnoff procedure (53) but only 1 to 3% enol 
content is shown with LAH (3),. Ethyl diphenyl acetate (X) and 3,3- 
diphenylbutan-2-one (XI) both react completely on heating with the Gri¬ 
gnard reagent but with 22% and 28% enolization, respectively. The hy- 


(C 6 H 5 ) 2 CHCOOC 2 H 5 (C,H 5 ) 2 CCOCH 3 

CH S 

X XI 

dride produces complete reduction at room temperature without hydrogen 
evolution (2). 

The alcoholate formed by the reaction of LAH with an enol, regenerates 
the original enol upon hydrolysis. In the reduction of Ot-angelica lactone 
the intermediate enolate on hydrolysis reverts to the ketonic form to yield 
pentan-4-on-l-ol (3). 
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5.3 LAI! AS A QUALITATIVE TEST REAGENT 

In one of their first papers on the reduction of organic compounds by 
LAH, Nystrom and Brown (54) stated that "the immediate appearance of 
the azo color upon adding an aromatic nitro compound to LAH at room 
temperature constitutes a simple and sensitive test for the nitro group. v> 
This suggestive statement has been developed into a color test applica¬ 
ble to the detection of aromatic nitro, nitroso, azoxy and hydrazo com¬ 
pounds. The test is carried out in diethyl ether (55-57) or ethylene 
glycol diethyl ether (56) and is based on a change in the color of the so¬ 
lution or the formation of a colored precipitate. Aliphatic nitro com¬ 
pounds, nitrates and nitriles do not interfere. Phenyl acetonitrile (55) is 
reported to give a false positive test while 2-chloro-5-nitrobenzenesul- 
fonic acid in ether (55) as well as potassium 2,4-dinitrobenzenesulfonate 
in ethylene glycol diethyl ether (56) fail to give positive tests. The fail¬ 
ure of the latter is probably due to its insolubility, since 2,4-dinitro- 
benzenesulfonic acid and the lithium salt give positive tests. Thepotas- 
sium salt gives a positive test if the reaction time is extended to two 
hours (56). 
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CHAPTER 6 


REDUCTION OF 

ORGANIC COMPOUNDS WITH COMPLEX METAL HYDRIDES 

GENERAL 


The greatest interest in the complex metal hydrides in general, and in 
LAH in particular, has been in the reduction of organic compounds. The 
general behavior of the hydrides in such reductions, including the types 
of functional groups generally attacked as well as some of the proposed 
reaction mechanisms, are surveyed in this section. A detailed discus¬ 
sion of the reduction of the various types of functional groups as well as 
the experimental conditions utilized in such reductions are given in suc¬ 
ceeding sections. Lithium aluminum hydride has been utilized in the re¬ 
duction of organic compounds to a greater extent than any other complex 
metal hydride. Sodium, potassium and lithium borohydrides have also 
found considerable application, especially when selective reduction is 
desired. The other complex metal hydrides discussed in this and suc¬ 
ceeding sections have had only limited investigation. 


6.1 REDUCTIONS WITH LITHIUM ALUMINUM HYDRIDE 


LAH has been applied with considerable success to the reduction of 
various functional groups which have resisted other methods of reduction. 
By its use, the side reactions such as polymerization, condensation and 
cleavage often encountered with other reducing agents are avoided. The 
reactions are rapid and almost quantitative in many cases and yield prod¬ 
ucts of a high degree of purity. 

6.1.1 General Meehan isms and Stereochemistry 

Gibb (1) has indicated that LAH is a highly ionized addition or co¬ 
ordination compound of aluminum hydride with LAH. Wiberg (2) has sug¬ 
gested that the ether-soluble LAH can be represented by a resonance 
bridge structure and that the complex hydride can be considered as 
LiH ■ A1H, 


M. /H 

< >< 

■H X H 


Brown (3) has stated that there is no conclusive evidence that intensively 
dried LAH is not a mixture of lithium hydride and aluminum hydride from 
which LAH slowly reforms when the material is suspended in ether. Re¬ 
ductions with LAH axe generally carried out in diethyl ether solution al¬ 
though other ether-rype solvents such as tetrahydrofuran, di-n-butyl ether, 
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and dioxane have been employed. It has been postulated that an ethereal 
solution of LAH consists of lithium ions and aluminohydride anions 
(AlH*"). Infrared and Raman spectra of an ethereal LAH solution have 
indicated a tetrahedral model for the aluminohydride ion in solution (4). 
Paddock (5)’ has proved the presence of ions in the ethereal solution by 
measurements of the specific conductivity. A value of 4.43 x 10” B 
ohm" 1 cm" 1 at 15° for a molar solution of LAH compares with a value of 
6.14 x 10" 5 ohm" 1 cm" 1 at 20° for the specific conductivity of a molar 
solution of ethyl magnesium bromide. 

Trevoy and Brown (6) have observed that most LAH reductions in¬ 
volve the displacement of a strongly electronegative atom, such as oxy¬ 
gen, nitrogen, or halogen, by hydrogen, the reaction probably involving 
initially an attack of the aluminohydride ion on carbon. A bimolecular 
nucleophilic displacement proceeding by an S N a mechanism in which 
hydrogen is transferred as hydride to the center of low electron density, 
i.e., the carbon atom, has been postulated. The exact nature of the at¬ 
tacking anion is a matter of speculation. Trevoy and Brown have postu¬ 
lated that the reactant is actually a series of complex aluminohydride 
ions AlH 4 _ n R n " which act as carriers for the hydride ion where n pro¬ 
gresses from 0 to 4 during the course of a reaction. This mechanism is 
illustrated with reference to the reduction of an epoxide: 


AlH^ + 


\/ 

C 


V 

/ 


o 



AlHj + 


HC 


(6-1) 


The neutral aluminum hydride immediately coordinates with the alkoxide 
anion forming AlHjOR" which is successively converted through the 
series AlH a (OR) a “, AlH(OR) s “, and Al(OR)«". 

In support of this mechanism, it has been found that inversion of con¬ 
figuration occurs on the carbon atom attacked in the LAH reduction of 
epoxides. Thus, l,2-dimethyl-l,2-epoxycyclopentane and 1,2-diinethyl- 
1,2-epoxy cyclohexane which possess the cis configuration are reduced to 
the trans cyclanols. Mousseron and his co-workers (7) have similarly re¬ 
ported inversions in the reduction of substituted epoxycyclohexanes. 

As further evidence for the mechanism, Trevoy and Brown (6) have ob¬ 
served that styrene oxide and 3,4-epoxy-l-butene are attacked by LAH 
preferentially at the terminal carbon atom to yield the corresponding 
secondary alcohols, although some primary alcohol is also formed in the 
latter case. The reactions of malonic and acetoacetic esters with epox¬ 
ides have been shown to proceed by a bimolecular displacement reaction. 
Since the direction of ring opening in styrene oxide and 3,4-epoxy-1- 
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butene with these reagents is the same as with LAH, the postulation of 
an analogous mechanism with the latter appears valid. Adams and Vander 
Werf (8) have pointed out further that the attack on the primary carbon 
indicates that the participating ions in an LAH reduction are comparable 
in size to the acetoacetic ester anion. This has been pointed out clearly 
in an investigation of concentration effects in the LAH reduction of 314- 
epoxy-1-butene (9). Although, electronically, the complex alkoxide ions 
postulated in the mechanism of Trevoy and Brown are quite similar, steric 
requirements increase markedly with the number of coordinated alkoxide 
ions. Fuchs and Vander Werf (9) have observed that an increase in the 
LAH/epoxide ratio with its resultant increase in the AlH^ concentration 
results in an increase in the secondary attack to yield the primary alcohol. 
Further, on partial hydrolysis of the LAH with methyl isobutyl carbinol 
prior to the epoxide reduction, the presence of A1H S 0R“ as the predomi¬ 
nant ionic species decreases the percentage of secondary attack. These 
results are considered consistent with the postulated mechanism, 

Bothner-By (10) has applied the principle of partial reaction to the 
preparation of optically active alcohols. The partial reaction of LAH 
with ^/-camphor yields a species of forms AlH 4 - n (OR) ni where -OR rep¬ 
resents the alkoxy group derived from the ketone, which is capable of the 
asymmetric reduction of ketones. Thus, the addition of methyl ethyl ke¬ 
tone or pinacolone to the complex formed by the partial reaction of LAH 
and cZ-camphor yields, after hydrolysis, the optically active 2-butanol and 
pinacolyl alcohol, respectively, accompanied by rf-isoborneol. 

Noyce and Denney (11) have investigated the steric requirements of the 
LAH reduction of various ketones. Although the bimolecular inversion 
mechanism would indicate that the addition of hydrogen to a carbonyl 
group should occur from the side opposite a hindering group to give a 
product with the hydroxyl group in the cis position, it has been found in 
a series of methylcyclohexanones that the proportion of cis epimer is not 
as great as in the reduction with aluminum isopropoxide, probably due to 
the smaller steric requirements of the reducing step of the reaction. Even 
in the case of /-menthone, the steric effects are not sufficient to produce 
a large amount of cis product, whereas both catalytic hydrogenation and 
reduction with aluminum isopropoxide afford a marked preponderance of 
cis isomer. When steric hindrance is sufficiently great, as in the reduc¬ 
tion of d^camphor, clear predominance of the addition of hydrogen from 
the unhindered side occurs to yield 90% of the cis form, isoborneol, and 
10% of borneol. Trevoy and Brown (6) have carried out the LAH reduc¬ 
tion of d-camphor and a number of 1,2-diketones and in all cases have 
obtained mixtures of the various possible stereoisomers. 

Additional evidence for the bimolecular nature of LAH reductions has 
been obtained in the reduction of various halides (6,12). Primary ali¬ 
phatic halides react more readily than secondary halides which are more 
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reactive than tertiary halides. Bromides are more reactive than chlorides. 
Eliel (13) has found that the reduction of optically active (X-chloroethyl- 
benzene proceeds with Walden inversion to yield optically active ethyl¬ 
benzene. Eliel and Freeman (14) have postulated an internal displace¬ 
ment reaction with inversion in the LAH reduction of optically active 
2-chloro-2-phenylpropionic acid and its methyl ester. Mousseron et al . 
(7) have reported the occurrence of inversion in the reduction of chloro- 
epoxy cyclohexanes. However, an asymmetric center adjacent to a re¬ 
ducible group is unaffected by reduction (11). 

The reduction of the tosylates of various stereoisomeric phenylbutanols 
to yield phenylbutanes of almost the same rotation, is considered indica¬ 
tive that the reaction is that of simple nucleophilic displacement of the 
p-tosylate group by A1H 4 " ion (15). 

Paddock (5) has argued that the mechanism of Trevoy and Brown ig¬ 
nores the solvent, and has proposed that there is an equilibrium in solution: 

A1H, 6 - H 9 AlHj (6-2) 

The function of the ether is to coordinate with the aluminum hydride and 
drive the equilibrium to the right. This implies that the active entity is 
the H“ ion rather than the aluminohydride ion (5,16). Paddock has stated 
that this has been substantiated by conductometric titrations with hydro¬ 
gen chloride and methyl chloride and by the study of precipitation reac¬ 
tions with tertiary amines (16). This mechanism has been utilized to ex¬ 
plain various hydrogenolysis reactions occurring under the influence of 
LAH (17). Lavie and Bergmann (18) have proposed that in the reduction 
of various polar carbon-carbon double bonds the reducing agent is, in ef¬ 
fect, lithium hydride Li + H~. 

Nystrom and drown (19) have advanced the following general equation 
for the LAH reduction of esters: 


2 RCOOR' + LiAlH, —» LiAl(OR'),(OCH,R), R'OH + RCH,OH 

(6-3) 


Mousseron et al. (7) have postulated that in the LAH reduction of amides 
to amines and of esters to primary alcohols, the active entity is the 
AlHj + ion. In the latter case: 


2 R—C—OR' A1Ha L1Ha > 


J> 


RCH—OR' 

I I 

0-Al—0 

I I 

R'O— CHR 


LiH, 


© Hl° 


2 RCH,OH (6-4) 
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Conover and Tarbell (2) have invoked the AlH a + ion to account for the 
hydrogenolysis of o- and p- amino substituted aromatic acids and carbonyl 
compounds. 

Although the mechanism of Trevoy and Brown indicates, especially in 
the case of epoxides, that the A1H, formed by the initial bimolecular dis¬ 
placement reaction coordinates with available anions and continues the 
sequence of displacement reactions, Johnson, Blizzard and Carhart (21) 
have reported that in the reduction of various alkyl halides not all of the 
four hydrogen atoms in LAH show the same reactivity. The reaction is 
postulated as proceeding in at least two steps where the first is presumed 
to be much more rapid than the second. 

LiAlH, + RX RH + LiX + A1H, (6-5) 

AlHj + 3 RX A1X 3 + 3 RH (6-6) 

Although lithium hydride does not reduce alkyl halides, in the presence 
of a small amount of LAH hydrogenolysis proceeds rapidly and to com¬ 
pletion, the LAH apparently acting as a hydrogen carrier. 

Bordwell and McKellin (22) have proposed that the reduction of organic 
sulfur compounds can be formulated as being initiated by the nucleophilic 
attack of the alum i no hydride ion on sulfur. Thus, the reduction of di¬ 
sulfides, sulfenyl chlorides, sulfenyl thiocyanates, sulfinic acids, sul¬ 
foxides, sulfonyl chlorides, aryl sulfonates, thiosulfonates, and sulfones 
may be represented as the displacement of chlorine, oxygen, or sulfur by 
the attack of the aluminohydride ions on sulfur. An alternative represen¬ 
tation involves attack on chlorine or oxygen. 

Carbon-carbon double bonds are normally not attacked by LAH. How¬ 
ever, the reduction of such bonds in cinnamyl alcohol has been formu¬ 
lated as proceeding through an intermediate cyclic organometallic com¬ 
plex (II) in which the aluminum is bound, with a coordination number of 
four, to two carbon atoms and two oxygen atoms (23). 



H 2 C-CH a —C- CH 


ii in 

A similar intermediate (III) has been proposed in the reduction of the 
triple bond to the double bond (24). In either case, on hydrolysis, the 
aluminum atom is replaced by hydrogen supplied by the hydrolyzing agent. 
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The face chat the complex (II) does not react with carbon dioxide has led 
to the postulation of the carbon-aluminum bond rather chan a carbon- 
lithium bond. However, in the reduction of the polar double bond in the 
dibenzofulvenes, Lavie and Bergmann (18) have proposed that the primary 
attack involves the attachment of H“ on the positive pole of the double 
bond while the lithium cation adds to the C, atom of the fluorenic system 
which represents the negative pole of the double bond. The color ob¬ 
served in the course of the reduction as well as the addition of benzyl 
chloride to the complex is considered indicative of a carbon-lithium bond 
rather than a carbon-aluminum bond. 

Ziegler (23) has shown that the double bond in ethylene and Ot-olefins 
can be reduced with LAH, the addition reaction proceeding stepwise with 
the formation of carbon-aluminum bonds, 

H\ /H CH 5 CH 2 \ /CH 2 CH s “ 

;Al( 4- 4 CH a =CH 2 -+ Li )aY (6-7) 

W n h ch 3 ch/ :n a CH, 

IV 


6.1.2 Analogy with the Grignard Reagent 

The reactions of LAH with various functional groups are in many ways 
analogous to the reactions of the Grignard reagent. Differences in the 
nature and extent of the reactions are due to the greater reactivity of the 
hydride and the influence of steric factors. The hydride and the Grignard 
reagent both respond to the Gilman-Schulze color test. This test, in¬ 
volving reaction with Michler's ketone, is characteristic for compounds 
having carbon-metal bonds (26). The test has been used in determining 
the stoichiometry of reactions with LAH. 

Paddock (3) has indicated that the analogy with the Grignard reagent 
extends to the necessity for a donor solvent. No reduction occurs on 
treatment of phosphorous, boron and silicon halides with LAH in the 
absence of ether. The addition pf ether results in successful reduction. 
On the other hand, acetone and benzonitrile, both possessing donor prop¬ 
erties, are reduced without the addition of ether. 

The sometimes direct analogy between LAH and organomagnesium re¬ 
actions is clearly illustrated in the case of ether cleavage. Generally, 
ethers are stable at ordinary temperatures in the presence of the Gri¬ 
gnard reagent. However, in the presence of cobalt chloride various ethers 
are cleaved by the Grignard reagent (27). Similarly, phenyl benzyl ether 
and phenyl allyl ether which are not cleaved by LAH even at their boiling 
points, are cleaved to phenol in the presence of cobalt chloride (28). 

Additional analogies are found in the fact that both organomagnesium 
reagents and LAH react with the quaternary salts of cyclic bases to give 
N-alkyl o-dihydro derivatives (29). Further, /’-toluenesulfonic esters re¬ 
act with Grignard reagents to give principally hydrocarbons (30). The re- 
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action between alkyl tosylates and LAH yields the corresponding hydro¬ 
carbon (31)- Karrer (32) pointed out the similarity between many re¬ 
actions of LAH and those of organomagnesium compounds while com¬ 
memorating the fiftieth anniversary of the work of Victor Grignard. 

6.1.3 1,2-Addltloii versus 1,4- and 1,{^Addition 

Although LAH reductions generally proceed with a 1,2-addition of the 
reagent, the reduction of 0C,j8-unsaturated ketones such as the dibenzoyl- 
ethylenes proceeds with 1,4-addition to the conjugated unsaturated sys¬ 
tem (33,34). While the Grignard reaction similarly involves 1,4-addition, 
reduction by aluminum isopropoxide proceeds with 1,2-addicion (33). The 
LAH reduction of 1,4-naphthaquinone yields, among other products, 1,2,3,4- 
tetrahydro-4-hydroxy-l-ketonaphthalene, apparently involving 1,4-addition 
(36). 

The reduction of tropolone with LAH to cyclohept-4-ene-l,2-dione has 
been postulated as proceeding by 1,4- or 1,6-addition of LAH to the 
dienone system (37). An initial 1,6-addition has been proposed in the 
LAH reduction of benzhydrylidene-anthrone to sy7w-tetraphenyl-bis-(9,10“ 
dihydro-<^anthryl)ethane (38). The Grignard reaction with methylene 
anthrone also proceeds with 1,6-addition (39). 


6.1.4 LAH as a Base 

The reactions of LAH have in some cases been related to its behavior 
as a strong base, whereas in others involving Wagner-Meerwein rearrange¬ 
ments its behavior has been characteristic of a Lewis acid. The action 
of LAH on thiobenzamide yields benzonitrile as the major product at low 
temperatures (40). This behavior is analogous to that exhibited with so¬ 
dium alkoxide. The LAH reduction of N-OC-naphthoyl-N-methylfluorenyl- 
amine (V) in ether yields the tertiary amine (VI). When the reduction is 
carried out in tetrahydrofuran or when VI is treated with LAH in tetra- 
hydrofuran the secondary amine (VII) is formed. 



(6-8) 


(6-9) 


Nap = OC-naphthyl 


VII 
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The formation of VII directly from V apparently proceeds through the 
initial formation of the tertiary amine which then undergoes rearrange¬ 
ment. A similar rearrangement occurs in the reduction of the jS-naphthoyl 
analog (41). The LAH appears to act here as a strong base, analogous 
to phenyl lithium or sodium alcoholate since the latter reagents cause re¬ 
arrangements in the quaternary base (VIII) and the ether (IX). 




( 6 - 11 ) 


Treatment of the piperidide (X) with LAH in ether solution has been 
reported to yield the expected piperidine (XI) accompanied by 1,1-diphenyl- 
3-dime thy 1 ami no-1-propanol (XII) and piperidine (42). 


O C 6 H, 


/ \ II I 

0- c ~r 


OCHjCHjNCCH,), 


C.H. 


LAH 


C.H, 

/ 'ltfCHjC—OCHjCH,N(CH,), 


v_y 


C.H, 

XI 


( 6 - 12 ) 


>-» (C.H 1 ) 1 CCH a CH,N(CH,) 1 



OH 


XII 


N 

H 
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Heating (2-dime thy lamino ethoxy )diphenylme thane (XIII) in benzene with 
powdered sodium also yields XIL 


(C,H,) a CH —O—CHaCHaNfCH,), (6-13) 

OH 

xm XII 

The rearrangement with LAH is apparently somewhat analogous to the 
sodium catalyzed cleavage. 

6.1.5 LAH aa an Acid 

The action of LAH as an acid has been reported in the reduction of 
quinamine (XIV) (43), 11-hydroxytetrahydrocarbazolenine (XV) (44) and 
2-phenyl-3-methyl-3-hydroperoxyindolenine (XVI) (45). 

OH OH OOH 



XIV XV XVI 


In each case, after the initial reaction, the resultant intermediate terti¬ 
ary alcohol splits out the elements of water to form the oxygen free hetero¬ 
cyclic nucleus. In a more striking case, LAH acts as the rearranging 
agent in the Wagner-Meerwein shift of an intermediate carbinol. Thus, 
the reactions of 2-methyl-2,3‘X2'-methylindyl>pseudoindoxyI and 2,2- 
bis-(3'*indyl)-pseudoindoxyl (XVII) result in migration in the course of 
the reduction (46). 


(6-14) 

"N'R 1 
H 

XVII 

The intermediate carbinol, in the form of a metal derivative, owing to its 
electron affinity, acts as an acid favoring migration as well as the loss 
of water. 

The LAH reduction of tropolone methyl ether (XVIII) yields benzalde- 
hyde. This is explained by postulating that the primary reduction product 
undergoes anionotropy with concomitant Wagner-Meerwein rearrangement 
of the seven membered carbonium ion to the more stable benzenoid car- 
bonium ion (37). 
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The LAH reduction of phenylpropargyl aldehyde yields cinnamyl alco¬ 
hol. The same product has been isolated in the reduction of the cyclic 
trimer (47). Here possibly the hydride acts as an acid in the depolymeri- 
zation of the acid-sensitive cyclic acetal. 

6.1.6 Functional Groups Reduced 

Successful reductions under the influence of LAH have been reported 
with many types of organic compounds and functional groups. Although 
in most cases the reactions proceed without complication, in a limited 
number of compounds the nature of the reduction product is a function of 
the quantity of LAH utilized and the reaction conditions. In other com¬ 
pounds, groups which are reduced either slowly or not at all under normal 
conditions are attacked under more drastic conditions, while in some 
cases the reduction of a functional group, such as a double or triple 
bond, is dependent upon the presence of an additional particular group in 
the same compound, such as in the reduction of cinnamaldehyde. 

The types of functional groups which are reduced under normal condi¬ 
tions, i.e., utilizing a slight excess of LAH in refluxing ether, are out¬ 
lined in Table II. Reduction products obtained with calculated quantities 
of LAH and variations in the reaction temperature are also indicated. 
Hydrogenolysis reactions occurring under drastic conditions as well as 
reactions which are not normal for the isolated functional group are not 
included in this tabulation but are considered in the detailed tabulations 
and discussions of succeeding sections. 

In all tables in succeeding sections relating to the reduction of organic 
compounds with LAH, diethyl ether is the reaction medium unless indica¬ 
tions to the contrary are made in the footnotes to the individual tables. 

6.2 REDUCTIONS WITH ALUMINUM HYDRIDE 

Although aluminum hydride in ether solution is an extremely strong re¬ 
ducing agent, it is not convenient to use for such purposes due to its in¬ 
stability. Treatment of aluminum chloride in ether solution with LAH 



96 


TABLE II 

Functional Groups Reduced by Lithium Aluminum Hydride 


Functional Group Product 


Oxygen-Containing Groups 


Aldehyde 

RCHO 

Primary 

alcohol 

RCH a OH 

Ketone 

R a C=0 

Secondary 

alcohol 

R a CHOH 

Quinooe 

*=C^° 

Hydroquinone 

HO--■( 

Carboxylic acid 

RCOOH 

Primary 

alcohol 

RCH a OH 

Acid anhydride 

(RCO)jO 

Primary 

alcohol 

RCH,OH 

Acyl halide 

RCOX 

Primary 

alcohol 

RCH,OH 

Ester 

RCOOR' 

Primary 

alcohols 

RCH.OH + R'OH 

Lactone 

r coo-. 

1—R-1 

Diol 

HOCHjROH 

Epoxide 

R a C—CR a 

V 

Alcohol 

R a CHCR a 

OH 

Orthoester 

R(OR'), 

Acetal 

R(OR'), 

Hydroperoxide 

ROOH 

Alcohol 

ROH 

Peroxide 

ROOR 

Alcohol 

ROH 

Ozonide 

R a C—0-CR a Alcohol 

1 1 

o - o 

Sul fur-Containing Groups 

R a CHOH 

Di thiol 

R,C(SH), 

Mercaptan 

RjCHSH 

Disulfide 

RSSR 

Mercaptan 

RSH 

Tr is ill fide 

RSSSR 

S 

Mercaptan 

RSH 

Tetrasulfide 

t 

RSSSR 

Mercaptan 

RSH 

Episulfide 

R a C — CR a 

V 

o 

t 

Mercaptan 

R a CCHR| 

SH 

Sulfoxide 

RSR 

Sulfide 

RSR 

Sulfone 

RSO a R 

Sulfide 

RSR 

Sulfonic anhydride 

(RSO a ) a O 

Sulfinic acid 
Mercaptan 

RSOjH 

RSH 

Sulfonyl halide 
Sulfonic ester 

RSOjX 

Mercaptan 

RSH 

alkyl 

ROSO a R 

Hydrocarbon 

RH 

aryl 

ArOSO a R 

Phenol 

ArOH 

Sulfinic acid 

RSO a H 

Disulfide + 
Mercaptan 

RSSR + RSH 
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Functional Group 


Product 


Sulfur-Containing Groups (Continued) 


Sulfenyl halide 

RSX 

Disulfide 

RSSR 

Thioester 

RCOSR 

Alcohol 

RCHjOH 

Thioamide 

RCSNH a 

Amine + 
Nitrile 

RCHjNH, + RCN 

Thiocyanate 

RSCN 

Mercaptan 

RSH 

Iso thiocyanate 

RNCS 

Amine 

RNHCHj 


Nitrogen-Containing Groups 


Amide 

unsubstituted 
monos ubstituted 
di substituted 

Lactam 


Imide 

Carbamate 

Nitrile 

Isocyanide 

Oxime 
Isocyanate 

Nitrogen oxide 
G-Nitroso compound KjCNO 


RCONH a 

RCONHR' 

RCONR' a 

□ 

pCONHCO-n 

•-R-* 

RNHCOOR' 

RCN 

RNC 

RaC=NOH 

RNCO 


/ 


O 


Nitr os amine 
Nino, alkyl 
Nitrop aryl 
Hydroxylamine 
Azoxy compound 


Azide 

Diazo compound 
Quaternary salts 


cyclic 

ucyclic 

Alkyl halide 


R a NNO 
RNO a 
ArNO a 
RNHOH 
ArN — NAr 

l 

O 

RN S 

RN a 


fV 

W\ x 

RCH = N^ 
R' X 


Primary amine 
Secondary amine 
Tertiary amine 
Aldehyde 
Amine 


Amine 


Amine f 

Alcohol 
Primary amine 
Aldehyde 
Secondary 
amine 
Amine 
Secondary 
amine 

Amine 

Amine 
Hydrazine 
Primary amine 
Azo compound 
Amine 

Azo compound 


Amine 

Amine 


o-Dihydroamine 
Amine 


RCH a NH a 

RCH a NHR' 

RCH a NR' a 

RCHO 

CD 

|-CH a NHCH a -i 

I- R -1 

RNHCH. + R'OH 


RCH a NH a 

RCHO 

RNHCH* 

R a CHNH a 

RNHCH, 


/" 

RjCNH 2 

R a NNH a 

RNH a 

ArN = NAr 
RNH a 

ArN = NAr 


RNH a 
RNH a 

ine \ l-1 

RCHjNHR 


Halogen-Containing Groups 


R a CHX 


Alkane 


R a CH; 
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yields an ethereal solution of monomeric aluminum hydride which on 
standing deposits a solid polymeric (A1H 3 ) X . 

The ethereal solution of the monomeric hydride has been utilized in the 
reduction of carbonyl, ester, amide and nitrile groups. Various patents 
involving the reduction of carbonyl and ester groups by LAH have indi¬ 
cated the equivalence of aluminum hydride for these reductions, Wiberg 
and Jahn (48) have examined the reduction of acetaldehyde and ethyl 
acetate to ethanol. In each case, the reaction of calculated amounts of 
the reagent and the reducible compound gives aluminum ethylate as the 
isolable intermediate. Therefore, it has been postulated that the pri¬ 
mary reaction involves the addition of the electropositive aluminum to 
the electronegative oxygen of the carbonyl group and the corresponding 
addition of the hydrogen to the electropositive carbon. 

H 0=CHCH 3 

— H + 0=CHCH 3 

H 0=CHCH 3 

In the case of ethyl acetate the addition of the hydride to the carbonyl 
double bond occurs twice: 



OCH a CH s 


Al— OCHjCH, 
OCH a CH, 


3 CH 3 CH a OH (6-16) 



The stable addition compound AlHjCl ■ AlHCl ai formed by treatment of 
an ethereal aluminum hydride solution with an ethereal solution of alumi¬ 
num chloride, can be utilized for more selective reductions than are pos¬ 
sible with LAH (49 f 50). Ether solutions of AlHfir a and AlHI a , from alumi¬ 
num hydride and the bromide and iodide, respectively, are also suitable 
for organic reductions. 

H\ Ai.' /Cl H\ ,Hv /Cl 

)Al( \Al( «— )A1' >Al( (6-18) 

w ■•ci/ N ci h 7 x:r x ci 

(A1H, ■ Aid,) (AlHjCl ■ AlHClj) 

XIX 

The chlorine-containing addition compound, which has been postulated 
(51) as possessing the structure (XIX) has been utilized in the reduction 
of the various types of functional groups summarized in Table ID. 
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TABLE III 

Reductions with the Aluminum Hydride-Aluminum Chloride Addition Compound 


Functional Group Product 

A. Functional Groups Reduced 


Aldehyde 
Ketone, aliphatic 
Quinone 
Acid 

Acid chloride 
Ester 
Amide 
Nitrile 

Nitro, alipharic 
Nitro, aromatic 
Halide, benzyl 


Primary alcohol 
Secondary alcohol 
Hydroquinone 
Primary alcohol 
Primary alcohol 
Primary alcohol 
Amine 

Primary amine 
Primary amine 
Primary amine 
Hydrocarbon 


B. Functional Groups nor Reduced 

Ketone, aromatic 
Halide, aliphatic 


Reductions with the addition compound have been formulated in a 
manner similar to that shown in equation (6-17). 


—</ —dH 


Oal 


\ 


OH 


\ 


Bl0 P -> —CH=0 


OH 


— CH,—Oal —CH,OH (6-19) 

While LAH converts aliphatic nitro groups to amines and aromatic 
nitro groups to azo derivatives, with amines as by-products, reduction 
with the halogenated aluminum hydride, AlH s - n X ni yields amines in both 
cases, with azo compounds as by-products from the aromatic nitro 
derivatives. 

The apparent selectivity of these reductions is indicated in the non- 
reduction of the aromatic ketone. The non-reduction of the alkyl halide 
is not surprising in view of the resistance of such groups to LAH under 
normal conditions. 


6.3 REDUCTIONS WITH MAGNESIUM ALUMINUM HYDRIDE 

The behavior of magnesium aluminum hydride in ether solution is anal¬ 
ogous to that of ocher aluminum hydrides in reducing polar double and 
triple bonds, i.e., carbonyl and nitrile groups, while nonpolar groups are 
not attacked (52*34)* The structure of the ether-soluble complex hydride 




100 


REDUCTION OF ORGANIC COMPOUNDS: GENERAL 


6.3 


has been postulated as a resonance bridge structure, analogous to that 
proposed for LAH (52,33). 


H\ ,H. .B. /H 

>< h >N><h 


XX 


The funccional groups which have been subjected to treatment with an 
ethereal magnesium aluminum hydride solution are summarized in Table 
IV. 

TABLE IV 

Reductions with Magnesium Aluminum Hydride 


Funccional Group Product 


A. Functional Groups Reduced 


Aldehyde 

Primary alcohol 

Ketone 

Secondary alcohol 

Quinone 

Hydroquinone 

Acid 

Primary alcohol 

Ester 

Primary alcohol 

Amide 

Amine 

Nitrile 

Primary amine 


B. Functional Groups not Reduced 

Double bond 
Triple bond 


The few examples available indicate that magnesium aluminum hydride 
is similar to LAH in its reduction characteristics, although the non¬ 
reduction of the double bond in cinnamic acid and the triple bond in 
propargyl aldehyde represent points of difference. 

6.4 REDUCTIONS VITH SODIUM ALUMINUM HYDRIDE 

Schlesinger and Finholt (56) have indicated that the properties of 
sodium aluminum hydride are like those of LAH. Whereas diethyl ether 
can not be used as a solvent, reductions axe carried out in tetrahydro- 
furan. Reductions are similar for the two hydrides with aldehydes, ketones, 
carboxylic acids, esters, acid chlorides, alkyl halides, nitriles and alkyl 
and aryl nirro compounds. The double bond in cinnamaldehyde is re¬ 
duced by the direct addition technique while inverse addition yields the 
unsaturated alcohol. Direct addition converts benzonicrile to benzyl- 
amine while inverse addition yields benzaldehyde (70). 

6.5 REDUCTIONS WITH SODIUM BOROHYDRIDE 

Sodium borohydride is a crystalline, salt-like compound whose struc¬ 
ture probably consists of tetrahedral borohydride ions (BH 4 ~) and sodium 
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ions. X-ray powder diffraction data (57) as well as infrared spectra (58) 
indicate the highly ionic character of the hydride, which has been repre¬ 
sented (59) ns: 



The salt-like character of sodium borohydride results in ether insolubility 
and water solubility. The reduction of organic compounds with the boro¬ 
hydride may be carried out in water, methanol or dioxane solution. Aqueous 
systems can be utilized since the borohydride is very soluble in cold 
water with very little decomposition. Therefore, ether-insoluble com¬ 
pounds such as the sugars can be reduced in aqueous solution where 
LAH is unsuitable. In the case where hydrolytic side reactions may oc¬ 
cur, as in the reduction of acid chlorides, dioxane or other non-hydrolytic 
solvents are used. In some cases, as in the reduction of sugars, the for¬ 
mation of boron containing complexes makes the work-up and isolation of 
reduction products difficult. This may be overcome by acetylation of re¬ 
duction products and/or passage through ion-exchange columns. 

The reduction behavior of sodium borohydride under normal reaction 
conditions, as reported by Chaikin and Brown (60) and others, is sum¬ 
marized in Table V. 


TABLE V 

Reductions with Sodium Borohydride 


Functional Group 


Product 


A. Functional Groups Reduced 


Aldehyde 

Ketone 

Acid chloride 

Lactone 

Hydroperoxide 

Quaternary ammonium salt 

Sulfoxide 


Primary alcohol 
Secondary alcohol 
Primary alcohol 
Dialcohol 
Alcohol 

o-Dihydro derivative 
Mercaptan 


B. Functional Group Normally not Reduced 

Acid 

Anhydride 

Ester 

Amide 

Imide 

Acetal 

Nitrile 

Nitro, aromatic 
Halide 
Double bond 
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The lower reactivity of sodium borohydride as compared with LAH is 
advantageous in permitting the selective reduction of acid chloride or 
carbonyl groups in the presence of functional groups which would be re¬ 
duced with LAH but which are not attacked by the borohydride. Although 
esters are normally not reduced by sodium borohydride, the reagent has 
been utilized in the reduction of various uronates (61) and steroid esters 
(62). 


6.6 REDUCTIONS WITH POTASSIUM BOROHYDRIDE 

The properties of potassium borohydride are similar to those of sodium 
borohydride. Reductions of organic compounds can be carried out in 
aqueous or alcoholic solution. Although aldehydes, ketones, and acid 
chlorides are reduced to alcohols and cyclic quaternary ammonium salts 
are reduced to o-dihydro or tetrahydro derivatives, in general, acids, 
esters, amides, imides, acetals, aromatic nitro compounds, and halides 
are not attacked by potassium borohydride. Esters are reduced by an 
equimolar mixture of the borohydride and lithium chloride in tetrahydrofuran. 

6.7 REDUCTIONS WITH UTHIUM BOROHYDRIDE 

Lithium borohydride is a crystalline, salt-like compound containing 
tetrahedral borohydride ions (63). It is a more powerful reducing agent 
than sodium borohydride but is milder than LAH. The reagent is soluble 
in ether although most of the reported reductions have been carried out in 
tetrahydrofuran. The differentiation between reducible and non-reducible 


TABLE VI 

Reductions with Lithium Borohydride 


Functional Group 


Product 


A. Functional Groups Reduced 


Aldehyde 

Ketone 

Ester 

Acid chloride 


Primary alcohol 
Secondary alcohol 
Primary alcohol 
Primary alcohol 


B, Functional Groups of Intermediate Reducibility 

Acid, aliphatic Primary alcohol 

Nitro, aromatic Amine and azo derivatives 


C. Functional Groups Normally not Reduced 

Acid, aromatic 

Amide 

Acetal 

Nitrile 

Halide 
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groups is not always clearly defined and is usually a function of com¬ 
pound structure and/or reaction conditions. Aldehydes and ketones are 
generally reduced rapidly at room temperature while esters react slowly 
and require several hours refluxing. Thus, the selective reduction of a 
ketone group in a ketoester can be accomplished at low temperatures. 
On the other hand, carboxylic acid and aromatic nitro groups which are 
generally resistant to attack by lithium borohydride are partially reduced 
under prolonged refluxing (64). 

The reduction behavior of lithium borohydride under normal reaction 
conditions is summarized in Table VI. 

A mixture of lithium hydride and lithium borohydride has been used in 
the hydrogenolysis of halides without reducing nitro, amide, nitrile, imine 
and acetal groups (65). 

An equimolar mixture of lithium chloride and potassium borohydride in 
tetrahydrofuran has been substituted for lithium borohydride in the re¬ 
duction of esters to primary alcohols (66). 


6.8 REDUCTIONS WITH ALUMINUM BOROHYDRIDE 


Aluminum borohydride is an unstable covalent liquid which has been 
represented by a resonance bridge structure (59,67). 


A1 


• } V H 


The extreme reactivity of the compound, including spontaneous ignition 
on exposure to moist air and the explosive reaction with water, preclude 
any widespread utilization of the reagent in organic reductions. How¬ 
ever, it has been reported that both orthoesters and acetals are reduced 
to ethers. The removal of halogen from polyhalomethanes is apparently 
related to the intermediate formation of carbon borohydrides which im¬ 
mediately lose borine or hydrogen or both to yield halogen-containing or 
halogen-free hydrocarbons (68). 


6.9 REDUCTIONS WITH LITHIUM GALLIUM HYDRIDE 


Lithium gallium hydride in ether solution is a milder reducing agent 
chan LAH. Its structure is considered to be analogous to that of the 
latter, consisting of a resonance bridged complex. 


Li: ;Ga 

~‘W 


/ H 


The reduction behavior of the hydride has only briefly been investigated 
(69) and is summarized in Table VII> 
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TABLE VII 

Reductions with Lithium Gallium Hydride 


Functional Group 

Product 

A. Functional Groups 

Reduced 

Aldehyde, aliphatic 

Primary alcohol 

Ketone, aliphatic 

Secondary alcohol 

Quinone 

Hydroquinone 

Acid, aliphatic 

Primary alcohol 

Amide 

Amine 

Nitrile, aliphatic 

Primary amine 

B. Functional Groups Normally not Reduced 

Aldehyde, aromatic 

Ketone, aromatic 

Ester 

Nitrile, aromatic 


6.10 REDUCTIONS WITH OTHER COMPLEX METAL HYDRIDES 

Although various other complex metal hydrides are known, as discussed 
in Section 3.14, the action of these compounds on organic molecules 
other than alcohol and amines has not yet been examined. 
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CHAPTER 7 


Reduction of 

OXYGEN-CONTAINING ORGANIC COMPOUNDS 
I. Carbonyl Derivatives 


7.1.1 Reductions with Lithium Aluminum Hydride 

The reduction of the polar carbonyl group In aldehydes with LAH pro¬ 
ceeds with considerable ease to yield primary alcohols (1-3)- The reac¬ 
tion requires one-quarter mole of LAH per mole of aldehyde according to 
the equation: 

4 RCHO + LiAlH, —> (RCH.O^LiAl 4 RCH,OH (7-1) 

The reduction can be carried out equally well with aliphatic and aro¬ 
matic aldehydes without interference from other functional groups. Re¬ 
ductions of saturated and unsaturated aliphatic and alicyclic as well as 
aromatic and heterocyclic aldehydes are summarized in Table VIII. 

7.1.1.a Aliphatic and alicyclic aldehydes . Hayes and Drake (4) have 
carried out the LAH reduction of several amino aldehydes and compared 
the yields with those of the Meerwein-Ponndorf-Verley reaction. While 
both LAH in ether and aluminum isopropoxide in isopropanol give the 
amino alcohol in approximately 85% yield in the reduction of the terti¬ 
ary amino aldehyde (I), the beta-amino aldehyde bearing an alpha-hydrogen 
(II) gives 86% yield of alcohol with LAH and a 66% yield with the alumi¬ 
num alkoxide. 

(C a H 5 ) a NCH a C(CH s ) a CHO (CH a ) a NCH a CHCHO CH J NHCH a C(CH J ) a CHO 

CH(CH 3 ) 2 

I II III 

The secondary amino aldehyde (III), when reduced with aluminum iso¬ 
propoxide, gives an 8-27% yield of the corresponding alcohol, and, when 
a large excess of LAH (5 equivalents) is employed, the yield is 72%. 

The reduction of aldehydes containing isolated or conjugated double 
bonds usually proceeds without difficulty to yield the corresponding un¬ 
saturated alcohols. Aldehydes in which the carbonyl group is conjugated 
with a series of double bonds, e.g., croton aldehyde, are reduced with 
LAH to the corresponding alcohols in satisfactory yield. The same re- 


107 



Reduction of Aldehydes with LAH 


108 


REDUCTION OF CARBONYL DERIVATIVES 


7.1 


h- CN 

HHfMrfttAVfiNVOODVOw’oiN 


O o ivowcNVOvoaovo 
O ir\ : ® ^ qo 00 cs ® 


»r» vd r** Gv © 

pH pH pH . fN 


9 

ir\ m 

oo c\ 


< 2 

•g _ 2 

e o ** 

m c H 

u rt ■ 

■5 ■£ <N - 
d * n 
1 Srs 


O 

a 

ca 

a. 

o 


o 

a 

d 

a. 

o 


o 
e 

8 . 

O 

cL p* 

* ' o 

— •? 7 c 

6 d 


x 


5 

3 

X 


O 

C 

B 

JB 

X 

V 

E 


i ! ^ 7 

h H I L 


^ J, 
■S’o ^ 

i § 8 

3 £• O 

1 m (a 

T 

(N C <N 


O •' , 
d - s 

8.7 

O m 


& E 

Is 


a. C 

2 £ 
fiy CT 

A & 
>1 

g K 

V u 

■5 8 

a In 

>S -O 

H >« 

o 
x 

u 

2-^ 
1 p 


d 

N 

II 

X 

o 


T3 

X 

X 


u 
E 

X 

8 I 
"It. -a 

C >» IN 

e 7 -| a 

I pH p 4-1 

7 PH- S « 
^ ^ • 

_C ■X 

S 9 S m 

2 Z B -T 


ST I »*. 

1 IN y I 

I ■» 1 - ■ 

(N N fN fN rri 2 


u 


U 

-a 

>> 

x 

u 

13 

is 

|i 
2 c 
g a 

& ! 

x 'B 
o d 


n 

-o 

x 

01 

T3 


U 

T3 

Ps 

X 

II 

-a 


g g U 

S S "a 

2 .2 >* 


x 


>* n 

*4 i 


0 

H S 
7 & 
>* -a 


7 "3 

I J 

£fl 


o u . 


u u 


JL ■ u 

^ T) 


In ►» I 


O 

3 

e 

IN 

H 

4 


*3 Ps 
II X 

§ g 

B J 

8 9 

ffl fN 

A rsT 


CL 

O 

b 

Q. 

O 

C 

E ± 

d ^ 

—I Pi 
>s X 

■fi-S 

II pH 

E g 


■*7.2 

>* m a. 

x ■ o 

a * g, 

* Q P 


CL 

Ojj 

‘I § * 


u J, 

0J 


II 

E 

>i 

M 

O 

X 


_ ►» 

a X 


J JS 


lA 

00 
FC\0 
PH VO 

4* 

E * 


■o 

c i 


f ?■ 


8 So 

h Q. m 

a e ^ x 


g: 

u 

O 


d 

G 

s.s 

o 3 

u 5 

u to 
d 5s 


« H 

G J. 

p >i 

-T c 
o u 
u X 
>» CL 


b u a , 


* a.- y u 

2 4 7= 

■fl-8 

c * ^ 

IS 

II 

H 




.s >■ § 

7 | a 

Ti 8 

-r >i a 

lit 


H I 

sis 

oil 

js r- 

■g 9 ■S 

U " g 

2 2 E 
A Z 


u 

10 

>11 
x g 

^ d 
2 6 
d u 
m a 

I! 

d u 
' u d 


X CL 


0^0 

tu"<SZ 


i«s rt in O 

q|o|^S°Hl 

fBac = 2xs s | : | s |^ 

JuJJJJJuuuu 




r- fN_ fN fc 
(M* m m ^ 
N N N 


O iTi h 

r** vo 


o 

u 

>. 


a 

■s 

u 


E 

^ 0 

C In — 


X 

Cu 


■o 

a 

d 


o 

x 

o 

u 


d 

”j o ”>, 
U ji s 
>s 7 S 

.8 -V 

< 

^ n C 


U 

■3 

d 


TJ 

II 

s 

E 

d 

ID 

c 


c 

U 2 


S £ 
Jo 5 

I s ° 

2 • 7) 

>» O. (*s 

S 

h T3 t 

d >K x 
m x a 
o wt 
^ 7 * 

"3 

>S 


^ 7 A 
Ry 


O o >* 
n _C a 
a ^ u 


v 

7 


u -a 

■BLg 

■£ o 

•M 4- 

2 o 

I? 

s § 

u t 


m ^ n n 

°^ C 8 ° a 
BBSS 
3 3 a S A 

U UUUU 


=5 

u 



7.1 


ALDEHYDES 


109 


MIOVMnninHtSBtO 


NOirK^NNbcsO 1 

r.^voc0iA00CsvsaQ 


t> 

8 

X 

81 

X 

0 


00 

so 


-a 

81 

3 

e 


<3 ■? 


o —. 
■ o 
Y x 
B 0 

S jj 


81 

B 

81 

M 

81 

J§ 

"u 

U Sk. 

a y 

81 Jh 
k JL 

u ^ 

>» 


00 

00 


81 

H 

81 


-*■ ^ ^ 


'b ^ 

ir\ Cs 


vo I s os o 

'd* 'd* ir\ 


r^ 

cs 


i r\ 

: i 

- r* 


u 


>* 

X 




u 

J X 


>S 

X 

M 

81 

E 

& 

o 

-a 


§ 


O 

u 


-o 

a 


< 


fN =3 

1 « 

d #-s. 

u —« 

8 & 

&. | 

■o A 
e 3 
« Y 


“ 5 

ii . 

| ft «-H —I ~-l 

2-a £ “£ 

“i- 8 | 8 

5; >—■<■ c —h 

6 ■ d d « 

m 4 .s T. 

E 3 E 

*2 d O d 

- - - c 

B 


O j* 

■9 ■£ d o a 
X 81 E _a 6 
X S .£ "|.c 
4 4U X U 


81 

E 

>s 

* _ 

P □ *■ 

■b j"- 

>• g. 2 

l h u 

h a 8 

ixl 

SSI 

s o g 1 

5*7.2 

*.*? . 

HV fO ^ N 


>s 

X 

4-J 

81 

B 

er 

s 

-a 

>. 


u 

>N 

u 


? i 
T* T i 


>. >. 

■s -s 

tl u 

§ £ i 

fl S B 

V " P 

H £ H 

A.2 A 

>® S.'O 

^ U rr 


i 

■5 

81 

E 

'3 

** 

VO _ 

* " o 

„ ^-4 

gVi t 

SJ2 

81 T 3 
X 4 “ 
O >* 

— x 


-2 

u X X. 


d 

81 

d 

a 

u 

bJ 

d 

|-a 

A jj 

VO* 

» 81 

si 

rT Jj 

JL -3 

E & 

£ ° 

CS 4 


rsi 

i 

d 

u 

v 

TJ 

O 

no 

>*r 

X - 


fv§ 


81 O 

E to 

>3 *81 

<=s 

Uh 


o 

"u < 


^ d & H 

Ll. ‘S 


r* w 


ffl E 

■ d 

<n .tj 

r > 


81 

T3 

1 

tx 

81 


81 

“0 

X 

X 

81 

TJ 


81 

-o 

S»* 

X 

81 

TJ 

»■■€ 

d 

M 

J 


£ 


B “ 

■ H 
81 


U 
81 
d 
81 
d M 
^ tl 


^ 81 

J 73 
81 >. 
d x 

8i 81 

H T3 
X ■ 

J2 — •! 
o 

8* a -g 
_ ,-!. 8--S 

XX J< 5 "cd 
go ►, J2* C 
c O ■£ & d 

^ 2 x .3 

A ^ ^ £ 0 


81 

TJ 

>S 

X 

81 

-o 

"d 

M 

£ 

i* 

d 

o 

i 

B 

81 

M 

81 


81 

■a 

>» 

x 

81 

"d 

§ 

d 

d 


81 

TJ 

II 


a 

81 

H 

81 

X 

O 

o 

tK 

u 


u 

& 

I 


X -S x 

rrt d « 


S 

u 


_0 

Hi 

B “O 

■S ’C B 

81 -S g 

E £ 3 

a I s 

r^V 2 ^ 

o 


B 

81 

M 

tl 

X ^ 

o - 

U "tl 

x no 

u >. ■ 

Vn 81 , 
2 
”>» la 

•S 3 

eV 

•3? 


a 

6 

v—i 

vc" 


4 4 » '- 


81 

E x 

d ai 

B 2 

(2 a 

Ai 

« a 

ITS U 


VO 

g X s ® Ji 

B X n i 
a 8i rs b 
g TJ Y V 

2} li 

*.|#j 

'O S u - 

nr ^ rs >* 

■ I 

^ (N 


s 

S u 

STL- 

d " 

S 

a 


. u 
81 81 
TJ 

"d o 


6 

81 

a ■§ 

w ti 


81 Y 
U x 
. d U 
^ 81 81 
"B£ 

^ U iH 1U 

ts«? s 

| s 

&• T ^ 

C\ m 


so 


"S * 

8 ■£ 

*a ■& 

6 J! 

■a jj 2 

nod 

“« TJ < 

11 

5 3 
^-.2 
: > 


ti 

TJ 


a 

ti 

vi> 


81 

B 

81 

d 

■a 

81 

* 


o o 


o o 


o o 


3? a? 3?X 3? X 

JuuJJJ 


u 

a 

d 

E 

o 

43 

u 


>» 

N 

c 

81 

X 

o 


81 

TJ 

>s 

X 

81 

-d 

IS 

N 

d 

81 

X 

§ 

■Pi 

E 


qOZO 

H S 3 3 

o 

M 

o c o 
> 11 » 

- " " 

O 

ft 

Pi 

o 

m 

_s> 

in 

o 

X 

aTX X X 

X 

3 

XXX 

3 3 3 

■T* 

"ft 

% 

x" 

p* 

(Ju (J u 

U 

U U U 

u 

U 

u 


■X* 

D 

a 

c 

' M 
PM 

c 

VJ 



TABLE VIII ( Continued ) 


110 


REDUCTION OF CARBONYL DERIVATIVES 


7.1 


0i 


fN 00 

\f\ \r\ 

rNfNrfMnsovO^'OCNrrOiAfNif, ifv 

rnsfl^cvoovo vO 


fi*. 


i r\ 
00 



a 

cv ■ vo wv ir\ oo 

rsi Cs N h 


O 'f\ C 

O ir\ Ov 


vo r* oc 

VO VO VO 



6 A 


ft 

o 

01 

C 


-o 

u 

O X 

II 

* s 
S 3 
J-8 

8 g 

t-s 

£ Id 
i ai 


« ^ u 

u -g u 

3 S 3 

^ e w 
2 | 2 
cl V a. 

60 »r» oo 
^ .5 in .2 

O ^ J* 72 

•g 5 * o 

8 -o -s -o 

-3 X « X 

8 « B j 

"S* ^ m -5 

§ x| X 
tl W T M 


o 

x 

o 

u 


Ifl 2 “3 -L 


A ■ = 

3h "eJo in 


01 

■a 

>s 

X 

OJ 

-d 


a 

OJ 

ffi 


O 

JP 

*** 

► 

u 


oj 

-o 

oj x 
-a « 

>K 2 

»C (0 

2 S 
1-2 
C 

X 9 


H 

J3 O 

&1-3 „ 

Isis 

►* T* ii *3 

?i.?S 

06. fsl CU > 


-a 

X 

OJ 

-a 

"3 

N 

c 

01 

X 


o 

-8 

_C 

A *j 

- X 

-2 .g 
v 2 
E a 

Si 

- u 

fN > 


o o 


c o o o .. 
fJsfif 

*> *«■ « * A « 

uuuuuu 


o 

a 

u 

X 

a> 


c & 
d a 

§! 
x e 

u -M 

o E 
in d 

’?* ">* 
B-s 

H 0) 

I-J 

A A. 


QJ 

E 

s ^ 

1 2 

2 ^ _ 

2 £ g 

2 4 j 

fit 
It | 

w C O 

g I ‘-3 

.§ H X 
Q I O 

Z rrv *—% 

«N A 


C\ 

A 

g * 

* V 

■5 E 

8 & 

8 2 
x 2 
a. ^ 

A jc 

•H "W 

>s I 

■S -? g 
g <N 5 

iff I 
o 4 -g 
-5 a 

5^ g 

L n 


CV 

A 

>s 

■s 

OJ 

6 


-a 

>. 


A Q « 

°Sf 

A H 


7 g 

S.g 

cs 2 

4 -5 

■3 g 

is 

5 « 
Af 


u M u 


c\ 


8j 

"fl 

>* 

X 

II 

*T3 

^4 

(Q 

N 

e 

Oj 

X u 

s ■* 

-3 « 

■f CD 

i s 

5| 

oi ■- 

S' § 

o — 

■3 x 

>s “ 

JS* g 

A. | 

Y • 

fN CL 


OJ 

TD 

Ps 

X 

01 

2 

N > 

£ ~ 

X « 

s-s 

■3 -a 

>S -3 

■f K 
1-8 
-C « 

■S u 

i| 

S| 

A-i 

m >—» 
fN* 


fN 

I 

OJ 

a 

OJ OJ 

m U 
d bj 
—^ u 


t 

OJ 

E 

S' 

o 

■8 

x 


&■■£ ■§ 

2 § 

«g 
2 JS 
8 8 
JJ A 

5 £ 

g 4 p 

I- 9 ^ 

*!r £ -3 

I--a '3 

6 A " 

fi ^ u 

£ 

Ai | 

■s. e -i 

x o d 

*-* fr. (J 

S fiv 


o 

■4 

x 

J 


N O q PI 

oz o o 

11 n (1 V 

1 ml w* •* 

xss: 
a a 5 a 

u u u u 


X 

a 

u 


u 

>. 

u 

2 

OJ 

OJ 

X 

d 


b 

£ 2 

-3 S 

*1 

cs a 

1 d 

& § 
S j 

O w 
U, v 

of. 


•'i a a 

u u u 


4,OS 2-ThiophenecarboxaIdehyde 2-Thenyl alcohol 

,H L9 NOj 2,4^DiiDethyl-5-carbethoxypyrrole-3- See text 

carboxaldehyde 

jlli^NOj 3"(2-AceCoxyethyl>*2-indolecarboxaldehyde 2-(Hydroxy methyl >3“(2-hydroxyechyl)indole 





112 


REDUCTION OF CARBONYL DERIVATIVES 


7.1 


References—Table VIII 

& R. F. Nystrom, unpublished work; through W, G. Brown, in R. Adams, ed., Or¬ 
ganic Reactions, Vol. VI, Wiley, New York, 1951, Chapter 10, p. 469- 
a H. I. Schlesinger and A. E. Finholt, U.S. Pat. 2,576,311 (November 27, 1951% 
*E. T. McBee, A. E. Kelley, and E. Rapkin, J. Am. Chem. Soc ., 72, 5071 (1950). 
4 L AH-lithium hydride mixture. 

S M. S. Kharasch and G. Biichi, /. Org . Chem ., 14, 84 (1949% 

'K. Hayes and G. Drake, ibid., 15, 873 (1950). 

T R, F. Ny strom and W. G. Brown, J . Am, Chem, Soc,, 69, 1197 (1947). 

B S. Winstein and K. C. Schreiber, ibid , 74, 2171 (1952). 

B I. Vender, H. Greenfield, and M. Orchin, ibid,, 73, 2656 (1951% 

10 I. D. Webb and G. T. Borcherdt, ibid., 73, 752 (1951). 

“Mixture of aldehyde and acid obtained on ozonolysis of (+)-4-methyl-l-decene. 
“R. T. Letsinger and J. G. Traynham, J. Am. Chem. Soc., 72, 849 (1950). 

“M. Viscontini, J. Bally, and J. Meier, Helv. Chim. Acta, 35. 451 (1952). 
l4 Mixture of saturated and unsaturated aldehydes obtained on LAll reduction of 

l>l»5,5-tetramethylr4-isobutyloxymethylenecyclohexan-3-one and acid hy¬ 
drolysis of reduction product. 

“R. Vonderwahl and H. Schinz, Helv. Chim. Acta, 35, 2368 (1952). 

1# M. Abdel-Akher and F. Smith, Nature, 166. 1037 (1950). 

1T I* Elphimoff-Felkin, H. Felkin, B, Tchoubar, and Z. Welvart, Bull, soc . chim. 

France. [ 5 ] 19. 252 (1952). 

“Reduction carried out in N-ethylmorpholine. 

“C. Collin-Asselineau, E. Lederer, D. Mercier, and J. Polonsky, Bull . soc. chim. 
France. [ 5 ] 17. 720 (1950). 

*°F. L. Weisenborn and D. Taub, /. Am. Chem. Soc., 74, 1329 (1952). 
n L. F. Hatch and S. S. Nesbitt, ibid., 72. 727 (1950). 

“L. F. Hatch and S. S. Nesbitt, ibid., 73, 358 (1951). 

”L. Crombie, A. J. Bi Edgar, S. H. Harper, M. W. Lowe, and D. Thompson, ]. 
Chem. Soc., 1950. 3552. 

a4 D. Y. Curtin and S. M. Gerber, ]. Am. Chem. Soc., 74, 4052 (1952). 

“C. G. Moore and E. S. W'aight, J. Chem. Soc., 1952, 4237. 

“Normal or inverse addition. 

17 L. Crombie, S. H. Harper, and D. Thompson,/. Chem. Soc., 1951, 2906. 

1B R. Lukes and J. Jary, unpublished work; through M. Ferles and J. Rudinger, 
Chem. Lisly, 47, 112 (1953). 

“R. Jacquier and R. Zagdoun, Bull. soc . chim, France, [ 5 ] 19, 698 (1952). 

>0 M. Mousseron, R. Jacquier, M. Mousseron-Canet, and R. Zagdoun, ibid, [ 5 ] 19, 
1042 (1952). 

BI P. Seifert and H. Schinz, Helv. Chim. Acta, 34, 728 (1951). 

”F. Wille and F. Knorr, Chem. Her., 85. 841 (1952% 

“R. F, Ny strom and W. G. Brown, ]. Am. Chem. Soc., 70, 3738 (1948). 

14 Inverse addition, calculated amount LAH. 

1, F. A. Hochstein and W. G. Brown, ]. Am. Chem. Soc., 70, 3484 (1948). 

* 6 P. P. T. Sah, Z. VitaminMormon - u Fermentforsch., 3, 324 (1949“1950); 

through M. Ferles and J. Rudinger, Chem, Listy, 47, 112 (1953% 

1T See text. 

“Reduction carried out in tetrahydrofuran. 

“K. Eiter and E. Sackl, Monaish., 83, 123 (1952). 

“H. Favre and H. Schinz, Helv , Chim. Acta, 35, 1627 (1952). 

W H. H. Inhoffen, F. Bohlmann, and M. Bohlmann, Ann., 565. 35 (1949). 
“Reduction carried out in benzene-ether mixture. 



7.1 


ALDEHYDES 


113 


4, F. fiohlmann, Chem. Ber., 85, 114 (1952). 

44 H. O. Huisman, A. Smit v S. Vromen, and L. G. M. Fisscher, Rec. trav ; chim 
7h 899 (1952). 

43 M. Stoll and A. Comm arm on t, Helv. Chim. Acta, 32, 2440 (1949). 

48 M. Stoll and A. Comm arm on t, ibid,, 32, 1836 (1949). 

47 J. F. Arens and D. A. van Dorp, Rec . trav, chim,, 68, 604 (1949). 

4S P. Meunier, J. Jouanneteau, and G. /.win gel stein, Compt . rend., 231 , 1170 

(1950). 

49 N. L. Wendler, C. Rosenblum, and M. Tishler, J. Am. Chem. Soc., 72, 234 (1950). 
sn R. Mallein, Compt. rend., 234 . 143 (1952). 

SI N, G. Gaylord and J. A. Snyder, Rec. trav. chim., 72, 1007 (1953). 

5I H. Felkin, Bull. soc. chim, France, [ 5 ] 18, 347 (1951). 

SS E. Wiberg and M. Schmidt, Z. Natur/orsch6b, 171 (1951). 

“Reduction carried out in diethyl ether*di-n -butyl ether mixture. 

”L. H. Conover and D. S. Tarbell, J. Am. Chem. Soc., 72, 3586 (1950). 

Sfl E. Larsson, Trans. Chalmers Univ . Technol,, Gothenburg, 94, 15 (1950); Chem. 
Abstracts, 45. 1494 (1951). 

5T S. R. Finn and J. W. G. Musty, Chemistry and Industry, 1950, 677. 

J8 S, R. Finn and J. W. G. Musty, J. Appl. Chem. (London), J, 182 (1951). 

M L. Schieler and K. D. Sprenger, ]. Am. Chem. Soc., 73, 4045 (1952). 

60 H. B. Hass and M. L. Bender, ibid., 71, 1767 (1949). 

61 l<eaction carried out for 7 days at 80 with large excess LAH. 

62 F. Wessely, K. Benedikt, H. Benger, G. Friedrich, and F. Prillinger, Monatsh 
81. 1071 (1950). 

fi3 P. A. S. Smith and Tung-Yin Yu,/. Org. Chem., 17. 1281 (1952). 

64 G. M. Badger, J. E. Campbell, J. W. Cook, R. A. Raphael, and A. I. Scon, J. 
Chem. Soc., 1950, 2326. 

8S J. S. Meek, B. T. Poon, and S. J. Cristol, ). Am. Chem. Soc., 74, 761 (1952). 

86 T. L Cairns and B, C. McKusick, ]. Org. Chem., 15, 790 (1950). 

47 A. Treibs and H. Scherer, Ann., 577. 139 (1952). 

M R. Goutarel, M. M. Janot, V. Prelog, and W. 1. Taylor, Helv. Chim , Acta, 33. 
150 (1950). 






7.1 


ALDEHYDES 


115 


No reduction takes place when glucoreductone (VII) is treated with 


o 

II 

a- 

HC=0 

| 

1 

COH 

COH 

II 

II 

HCOH 

HOCH 


VII 

LAH. This is attributed to the presence of a mesomeric system in which 
the rr-electrons are relatively equally distributed and therefore are polar¬ 
ized with difficulty (l6). 

The LAH reduction of phenylpropargyl aldehyde is reported to yield 
cinnamyl alcohol (17). The trimer of the aldehyde yields a small quan¬ 
tity of cinnamyl alcohol on treatment with LAH in refluxing ether. 

C.HjC CCHO C 6 H s CH=CHCH,OH (7-3) 

5 7% 

The reduction of the phenylhydrazone of benzoylglyoxal with LAH in 
ether has been reported to give a crystalline, red compound, m.p. 138.5 °C. 
which contains approximately 16.7% nitrogen (18). This compound, how¬ 
ever, has not been studied further. 

LAH reduction of aldehydes has been utilized in the study of carbo¬ 
hydrates for the reduction of diacetone mannose (19) and various uronic 
acids (20). LAH, however, has the disadvantage, as far as carbohydrates 
are concerned, of requiring non-hydroxylic solvents and must be rigor¬ 
ously protected from moisture. 

The non-reduction of acetals with LAH (21,22) permits the reduction of 
other functional groups without at the same time reducing the aldehyde 
group. Thus, the reduction of acetal esters with LAH results in the for¬ 
mation of acetal alcohols which on hydrolysis yield aldehydo alcohols 
(23,24). 

CH,CHCOCX: 2 H s CH 3 CHCH 2 OH —► CH a CHCH 2 OH (7-4) 

CH(OC a H 8 ) 2 CH(OC a H 5 ) a CHO 

7.1.l.b Aromatic aldehydes . The reduction of aromatic aldehydes 
generally proceeds satisfactorily. The reduction of phenolic aldehydes 
presents an interesting picture. It has been reported chat attempts to re¬ 
duce 2,4-dimethy 1-6-hydroxy ben zaldehyde (VIII) by various agents gen¬ 
erally result in recovery of the unchanged aldehyde, while hydrogenation 
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in the presence of a palladium catalyst results in reduction to 2,3,5" 
trimethylphenol (25). However, reduction with LAH gives the correspond¬ 
ing benzyl alcohol in 29% yield (25,26). 


CHO 



Other phenolic aldehydes have also been reduced with LAH (27,28). Re¬ 
duction of the p-hydroxybenzaldehyde (IX) gives a 66% yield of 6-hydroxy- 
isochroman (X) (28). 

Attempts to reduce vanillin and veracraldehyde to the corresponding 
alcohols with LAH have been reported to give glassy high boiling or not 
distillable products which were not examined further (29). 

Reduccion of p-dimerhylaminobenzaldehyde with sodium amalgam in 
ethanol yields 20% of p-dimethyl ami nobenzyl alcohol accompanied by a 
stereoisomeric mixture of l f 2-di-(p-dimethylaminophenyl)ethylene glycols. 
Electrolytic reduction also yields only 20% of the substituted benzyl 
alcohol as well as 15% of N,N-dimethyl-p-toIuidine and various other by¬ 
products (30). Reduction with LAH in ether gives the benzyl alcohol in 
75-95% yield (12,31). When the reduction is carried out with excess LAH 
for 7 days at 80° in a mixture of diethyl and di-n-butyl ethers, the alde¬ 
hyde is converted to N,N-dimethyl-p-toluidine in 78% yield (32). This 
hydrogenolysis is discussed further in Section 16.1. 

Reduction of the cyanohydrin from 3,4-dibenzyloxybenzaldehyde with 
LAH in ether has been reported to yield, in addition to the expected 
amino alcohol, 3,4-dibenzyIoxybenzyl alcohol by reduction of the alde¬ 
hyde from the dissociated cyanohydrin (33)- 

Treatment of 5"formyl-4-phenanthrenecarboxyIic acid (XI), which has 
been assigned a lactol structure since it forms no carbonyl derivatives, 
with diazomethane yields the methyl ester (XII) which forms carbonyl 
derivatives. With methanol in the presence of hydrogen chloride the 
pseudo methyl ester (XIII), which does not yield carbonyl derivatives, is 
formed. Reduction of either of the methyl esters with LAH gives the diol 
(XIV) in excellent yields (34). The pseudo ethyl ester (XV), formed by 
treatment of the aldehydo acid with ethanol and a trace of sulfuric acid, 
similarly yields the diol (XIV) (35). 
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XIII (7-5) 

Hydrogenation of the pseudo ethyl ester over copper chromite in ab¬ 
solute alcohol at 130 °C. and 2000 p.s.i. pressure gives unchanged start¬ 
ing material. However, distillation of a mixture of the ester, aluminum 
isopropoxide and toluene gives the lactone of 5-(hydroxymethyl)-4-phenan- 
threnecarboxylic acid (XVI) in 56% yield (35). 



(7-6) 


The LAH reduction of the aromatic unsaturated aldehydes such as cin- 
namaldehyde and phenylpropargyl aldehyde is discussed in Section 
7- 1- l,3 a 

7.1. l.c Heterocyclic aldehydes . Whereas the aldehyde groups in the 
^-position in 2-thiophenecarboxaldehyde (XVII) and 3"(2-acecoxyethyl)-2- 
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indolecarboxaldehyde (XVIII) are readily reduced with LAH in ether solu¬ 
tion to the corresponding carbinols, refluxing 2,4-dimethyl-5-carbethoxy- 
pyrrole-3"carboxaldehyde (XIX) for 12 hours with LAH in tetrahydrofuran 
results in the recovery of a major portion of the starting material un¬ 
changed, although some material is resinified (36). 



—CHjCHjOCOCH, 

CH, 

qV 


jzm 

II II 

U 

j 

IT 


^S-^XHO 

N"' "CHO 

CjH a OC' 


>CH, 


H 


H 


XVII 

xvin 


XIX 



7*1.2 Reductions with Aluminum Hydride 

The addition of an ethereal acetaldehyde solution to an ethereal alumi¬ 
num hydride solution (ratio acetaldehyde: hydride = 3-1.2), followed by 
distillation of the ether, yields readily sublimable aluminum ethylate. 

3 CH 3 CHO + A1H 3 -► (CH s CH a O) 3 Al (7-7) 

Hydrolysis of the aluminum ethylate yields ethanol (37). 

The aluminum hydride-aluminum chloride addition compound (AIM,Cl + 
AlHCI a ) in ether solution has been utilized in the conversion of n-butyr- 
aldehyde to 1-buranol in 71% yield (38). 

7.1.3 Reductions with Magnesium and Zinc Aluminum Hydrides 

Magnesium aluminum hydride reduces polar groups without attacking 
non-polar groups. Treatment of an ethereal propargyl aldehyde solution 
with an ethereal solution of the aluminum hydride yields propargyl al¬ 
cohol (39,40). 

HCasCCHO Mg(A1H,)a > HC s CCHjOH (7-8) 

The stoichiometry of the reaction is postulated as proceeding according 
to the scheme (40): 

Mg(AlH,) 2 + 8 RCHO —» Mg [Al(OCH,R)J 2 8 RCH,OH (7-9) 

Zinc aluminum hydride as well as the magnesium compound reduces 
carbonyl groups to the corresponding alcohols (41). No specific examples 
of the use of this reagent have been published, however. 

7.1.4 Reductions with Sodium Borohydride 

7 . 1.4.a Aliphatic , alicyclic t and aromatic aldehydes . Chaikin and 
Brown have applied sodium borohydride to the reduction of various alde¬ 
hydes in aqueous or methanol solution (42). The reactions occur rapidly 
at room temperature in most cases and the corresponding alcohols are 
formed in good yield. Unsaturated aldehydes are reduced to the unsatu- 
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rated alcohols. Thus, while cinnamaldehyde is reduced with LAH to the 
saturated alcohol, in the .reduction with sodium borohydride in methanol 
solution, the final product is cinnamyl alcohol. The lower reactivity of 
the borohydride permits the selective reduction of the aldehyde group in 
the presence of other functional groups, e.g., m-nitrobenzaldehyde and 
4-nitro-l-butanal are reduced to m-nitrobenzyl alcohol and 4-nitro-l- 
butanol, respectively. The stoichiometry of the reaction may be 
represented. 

NaBH, + 4 RCHO -* NaBfOCH.R), 4 RCH,OH (7-10) 

The reduction of various aldehydes with sodium borohydride is summar¬ 
ized in Table IX. 

The value of selective reduction is illustrated in the following se¬ 
quence of reactions (43) : 


O 



Hunger and Reichstein have reduced the aldehyde groups in a number 
of cardiac active glycosides and aglycones with sodium borohydride in 
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& Reaction medium: W = water, M = methanol. 

*S. W. Chaikin and W. G. Brown, J. Am. Chem. Soc. t 71, 122 (1949). 

S H. Schechter, D. E. Ley, and L. Zeldin, ibid., 74, 3664 (1932). 

4 Societe des Usines Chimiques Rhone Poulenc, Australian Pat. Appln. 933/31 (February 21, 1931). 
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dioxane solution (44,43): strophanthidin (XX), convallatoxin, desgluco- 
hellebrin, corotoxigenin, gofruside. 


NaBH« 



Lycoctonine, an alkaloid of unknown structure, is oxi¬ 

dized with chromic acid to an aldehyde, lycoctonal, C a ,H 37 . s ,N0 7 . Re¬ 
duction of the aldehyde with sodium borohydride in aqueous methanol 
yields 90% lycoctonine (46). 

7.1.4.b Carbohydrate aldehydes . Although sodium borohydride is less 
reactive than LAH, it can be utilized in aqueous or methanolic solution 
and is therefore a satisfactory reagent for converting reducing sugars to 
the corresponding alcohols. 

Chaikin and Brown have reported that the reduction of glucose with 
sodium borohydride results in the formation of boron-containing com¬ 
pounds which interfere with the isolation of the sugar alcohol (42). Abdel- 
Akher, Hamilton, and Smith (47) have overcome this difficulty by convert 
ing the reduction product into the fully acetylated derivative which crys¬ 
tallizes with ease. The use of ion exchange resins (47,48) or treatment 
of the crude alcohol with methanolic hydrogen chloride also overcomes 
the difficulty arising from borate complex formation. Various mono- and 
oligosaccharides containing aldehyde groups, reduced by these methods, 
are indicated in Table X. 

Various acid degraded cellulose samples, i.e., wet hydrocellulose, 
have been reduced with sodium borohydride in aqueous solution at pH 8 
to transform terminal aldehyde groups to alcoholic groups. The resultant 
alkaline reduced hydrocellulose has a decreased "hot alkali stability 1 ’ 
value (49). 
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Dextran, average molecular weight 66,000, containing terminal alde¬ 
hyde groups, has been quantitatively reduced with the borohydride in 
aqueous solution to non-reducing hydrodextran, average molecular weight 
66,000 ( 50 ). 

The use of sodium borohydride as a quantitative reagent for the estima¬ 
tion of aldoses has been discussed in Section 5-1- The method has been 
applied to the analysis of the following aldoses (51): glucose, galactose, 
mannose, arabinose, xylose, rhamnose, lactose, maltose. 

Periodate oxidation of various polysaccharides yields M polyaldehydes” 
which on reduction with sodium borohydride in aqueous solution are con¬ 
verted to "polyalcohols.” Hydrolysis of the latter and determination of 
the cleavage products provides information concerning the nature and 
amount of glycosidic linkages in the polysaccharide. This method has 
been applied to amylopectin, glycogen, amylose, cellulose, and a dex- 
tran (52). 

7.1.5 Reductions with Potassium Borohydride 

The only application of potassium borohydride to the reduction of an 
aldehyde reported to date, involves the reduction of 2-phthalimido-l-p- 
nitrophtenylpropan-l-ol-3-al in aqueous or methanol solution to the cor¬ 
responding 1,3-propanediol (43,53), according to the sequence in equa¬ 
tion (7-11). 

7.1.6 Redactions with Lithium Borohydride 

Nystrom, Chaikin, and Brown (54) have applied lithium borohydride in 
tetrahydrofuran solution to the reduction of a number of carbonyl com¬ 
pounds including the following aldehydes: 


Compound 

Product 

% Yield 

fl-Heptaldehyde 

n-Heptanol 

B3 

Benzaldehyde 

Benzyl alcohol 

91 

Croton aldehyde 

Crotyl alcohol 

70 


The reductions proceed rapidly at room temperature and the mild reducing 
action of lithium borohydride permits its use in the selective reduction of 
aldehydes in the presence of nitro, carboxyl as well as ester groups. 

Treatment of lithium borohydride with hydrogen gas containing tritium 
yields borohydride containing tritium. The reaction of benzaldehyde in 
tetrahydrofuran with the borohydride prepared in this manner has been 
used for the synthesis, in 91% yield, of benzyl alcohol containing tritium 
(55). 

7.1.7 Redactions with Lithium Gallium Hydride 

Lithium gallium hydride in ether solution is a milder reducing agent 
than LAH. While propionaldehyde is reduced to 1-propanol by this re- 
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agent, the aromatic p-hydroxybenzaldehyde does not undergo reduction 
(56). 


7.2 KETONES 

7.2.1 Reductions with Lilhinm Aluminum Hydride 

The reduction of ketones with LAH proceeds very readily to yield the 
corresponding alcohols, with a consumption of one-quarter mole of LAH 
per mole of ketone (1*3)- 

4 R,CO + LiAIH, -» (R,CHO)«LiAl R,CHOH (7-13) 

The characteristics of aldehyde reductions, as regards yields, side reac¬ 
tions, etc., are applicable to ketone reductions. 

The various reported modifications in the reduction of acetone are il¬ 
lustrative of the many variations possible with higher molecular weight 
ketones. Thus, acetone is reduced with LAH to 2-propanol. 

CHjCOCH, CHjCHCHj (7-14) 

OH 

Reduction with lithium aluminum deuteride yields 2-deutro-2-propanol 
(57,58). 

CH,COCH, CH,CDCHj (7-15) 

OH 


Reduction of acetone-C 14 with LAH yields 2-propanol-2-C 14 (59)- 

CHjC’CH, CHjC l4 HCH, (7-16) 

0 OH 

Treatment of acetone with deuterium oxide yields acetone-d^ (XXI). Re¬ 
duction of XXI with LAH yields propane-1,1,1,3,3,3"d 6 -2-ol (58,60). 

CDjCOCD, CD.CHCD, (7-17) 

OH 

XXI 

Reduction of XXI with lithium aluminum deuteride yields propane-1,1,1,- 
2,3,3,3,-d 7 -2-ol (60). 

L1A1D< > CD.CDCD, 


CDjCOCD, 


(7-18) 
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The reduction of lcetones, as well as many other functional groups, is 
postulated as a polar nucleophilic displacement reaction on carbon. The 
reactive species is presumed to be a series of complex aluminohydride 
ions which act as carriers for the hydride ion (61). Paddock postulated 
that ether plays an essential part in LAH reductions, an equilibrium 

AIH 4 ® ^ A1H, + H G (7-19) 


existing in solution, the function of the ether being to coordinate with 
the aluminum hydride (62,63). However, the donor properties of ketones 
cause the latter to coordinate with AlH a even more readily than ether 
(62,64). With this hypothesis in mind, acetone has been successfully re¬ 
duced with LAH in the absence of ether (62). 

If the coordination of the carbonyl group with aluminum hydride is fol¬ 
lowed by a rate-determining step consisting of the transfer of hydrogen 
from coordinated hydride, the carbon-oxygen bond is converted in the 
transition state to a single bond with two directions open to it, corre- 
spending to isomeric carbinols (63). Unsymmerrical ketones, including 
alicyclic compounds such as keto steroids, yield a new asymmetric car¬ 
bon atom on reduction introducing the possibility of stereochemical 
specificity. 

7.2. l.a Dialkyl ketones . The reduction of saturated and uncon,u- 
gated unsaturated dialkyl ketones proceeds as in the case of acetone dis¬ 
cussed in the preceding section. 

The reduction of highly chlorinated ketones has been carried out with 
LAH where reduction with aluminum isopropoxide gave little or no yie 
of the secondary alcohol. Thus, hexachloracetone (XXII) is reduced to 
hexachloro-2-propanol in 97% yield with LAH while only traces are ob- 
tained with the aluminum alkoxide (65). 

CljCCOCCl, — CljCCHCCl, (7-20) 

OH 


XXII 

Reduction of 1 , 3 -dichloroacetone (XXIII) proceeds in 77% yield with LAH 
and 20-25% yield with aluminum isopropoxide (66). 

CICHjCHCHjCl (7-21) 


CICHjCOCHjCl 


XXIII 


OH 


L. ct,..t to tho .... °f reduction of XXH and XX^ .. welll ■» 

chloro-2-butanone, decachloro-3-p enlanone * s ver 7 sta e . 10 . ' 11 

vigorous conditions, a product of undetermined structure, involving c le y 
chlorine cleavage, is formed (65). The LAH reduction of triiluoroacetone 
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proceeds readily and in good yield to give 3,3,3-trifluoro-2-propanol 
(67,68). 

Scerically hindered alkyl ketones are readily reduced by LAH while 
surface active catalysts are relatively ineffective. Thus, 1,1-diphenyl* 
acetones are reduced with LAH to the corresponding carbinols in good 
yield (69,70). The reduction of 3,4-dimorpholintH4-phenyl-2-butanone 
(XXIV) with LAH in an ethobenzene mixture yields 99% of the substi¬ 
tuted 2-butanol, consisting of two racemic mixtures. 

C 6 H 5 CH-CHCOCH, C 6 H 5 CH-CH —CHCH, 



Catalytic hydrogenation over platinum oxide, palladium-on-charcoal, 
palladium-on-barium sulfate or Raney nickel, as well as treatment with 
aluminum isopropoxide, are reported to be unsuccessful in the attempted 
reduction of XXIV. The LAH reduction of 3,4-bis-(dimethylamino)-, 3,4- 
dip iperidino-, 3,4-di-(p-methoxy-N-methylbenzylamino)- and 3-morpholino- 
4-tetrahydroquinolino-4-phenyl-2-butanone in ethereal solution has been 
readily carried out in good yield (71). 

Methadone (6-dimethylamino-4,4-diphenyl-3“heptanone ) (XXV) contains 
a relatively unreactive carbonyl group. It does not give a semicarbazone 
under the usual conditions and resists reduction with aluminum isopro- 
poxide or sodium amalgam (72). It is unaffected when subjected to cata¬ 
lytic hydrogenation with Raney nickel (72) or palladium (73). However, 
catalytic hydrogenation of (//-methadone (XXV) with platinum oxide yields 
a-ttf-methadol (72-74). 

0 C 6 H s CH, OH C.H, CH, 

C 2 H 5 C—C—CH a CHN(CH,) a —► C a H s CH—C—CH 2 CHN(CH,) 2 (7-23) 

C fi H s C 6 H b 

XXV 

Only one of the two possible diastereoisomers is obtained. Reduction of 
(//-methadone with LAH occurs very readily to give the same isomeric 
racemic alcohol mixture, (W/-methadol, in over 90% yield (73,75). Re¬ 
duction of the optica] isomers of methadone with LAH or by catalytic hy¬ 
drogenation over platinum oxide similarly gives only one of the two pos¬ 
sible isomeric alcohols, designated as OC-methadols, with reversal of the 
sign of rotation. If the reduction of the ketone group is effected with so¬ 
dium and propanol, the second diastereoisomeric form, /3-methadoI, is the 
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predominant product, along with appreciable amounts of the OC-isomer 
(76-78). 

In contrast to methadone, isomethadone (6-dimethylamino-4,4-diphenyl- 
5-mechyl-3-hexanone) (XXVI) is not reduced by catalytic hydrogenation 
over platinum oxide (75) as well as under other conditions (73). Reduc¬ 
tion of XXVI with LAH yields the Ol-isomer to the exclusion of the /J- 
isomethadol (73,75). Reduction of the optical isomers of isomethadone 
with LAH similarly yields the 0t-alcohols but, in contrast to the metha¬ 
done series, the LAH reduction is not accompanied by a change in the 
sign of rotation. 

CJL CH, OH C.H, CH, 

II III 

G-CHCH 2 N(CH 3 ) 2 C 2 H s CH—C-CHCH 2 N(CH 3 ) 2 (7-24) 

c : 6 h 5 c 6 H 5 

XXVI 

Reduction of <f/-isomethadone and its enantiomorphs with sodium and 
propanol affords 30-40% yields of the /3-isomethadols and 10-20% of the 
C(-forms. The sign of rotation of the optical isomers of the isomethadols 
is opposite to chat of the parent ketone (77). 

Analogs of methadone and isomethadone behave in a manner similar to 
the parent compounds. Thus, the mono-p-chloro derivative of methadone 
(79) and the morpholinyl analog of methadone (73) are readily reduced 
with LAH. The latter is also reduced by catalytic hydrogenation over 
platinum oxide. On the other hand, the morpholinyl analog of isometha¬ 
done is readily reduced with LAH but is not affected by catalytic hydro¬ 
genation (73). 

Bothner-By has utilized the complex aluminohydride ions, Al(OR) n H 4 _ n , 
-OR representing the alkoxyl group derived from a ketone, in the prepara¬ 
tion of optically active alcohols. Partial reaction of LAH with J-camphor 
gives a species capable of asymmetric reduction of ketones. Reductions 
of methyl ethyl ketone and pinacolone with LAH-^-camphor give optically 
active 2-butanol and pinacolyl alcohol, respectively (80). 


O 

li 

C,JI,C — 



CH,COC,Hj + Al(OC.) n H,_ „ — CH.CH^H, 


(7-25) 


(7-26) 


DH 
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Cram and Abd Elhafez have carried out a stereochemical study in which 
asymmetric induction has resulted from the synthesis of mixtures of dia- 
stereomeric secondary alcohols by the reaction of ketones with LAH (64). 


R O R OH 



R 

Ri 

erythro: chreo ratio 

CH, 

CH, 

1:2.5 

C*H, 

CH, 

1:3 

CH, 

C,H, 

1:2 

CH, 

C.H, 

>4:1 


The tabulated results prompted the formulation of the rule that "that 
diastereomer will predominate which would be formed by the approach of 
the entering group from the least hindered side of the double bond when 
the rotational conformation of the carbon-carbon bond is such that the 
double bond is flanked by the two least bulky groups attached to the ad¬ 
jacent asymmetric center." 

The LAH reduction of p-tolyl acetonyl sulfone (XXVII) in ether solu¬ 
tion is reported to yield the hydrogenolysis product, p-tolyl-n-propyl 
sulfone (81). 



XXVII 


(7-28) 


The LAH reduction of various saturated and unconjugated unsaturated 
dialkyl ketones is summarized in Table XI. 

7.2. l.b Alkyl alicyclic ketones . The LAH reduction of several satu¬ 
rated alkyl alicyclic ketones has been successfully carried out to yield 
the corresponding alkyl alicyclic carbinols. 



Ketone 

% Carbinol 

Ref. 

C 5 H,0 

Methyl cyclopropyl ketone 

76 

82 



80 

83 

C i9 H aB O a 

1-Me thyl-2-( 5^-keto- \*, 2*, 3*»4 / , 5^, 6*, Y, if- 


84 


octahydronaphthylaceryl)cyclohexane 



C a5 H 41 0 

n-Octadecyl cyclohexyl ketone 

97 

85 


The reduction of methyl cyclopropyl ketone (XXVUI) represents an in¬ 
teresting comparison of the effectiveness of various procedures. Redue- 



LAH Reduction of Saturated and Unconjugated L'n saturated Dialkyl Ketones 

Ketone Product % Yield Ref. 
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cion of XXVIH with LAH in ether gives methyl cyclopropyl carbinol (XXIX) 
in 76-80% yield (82,83). 


H / 

CH a CC 

II \ 

o 

xxvm 


£ H ’ H W 

CH s CHq ' 


CH a 


I \ 

OH 
XXIX 




(7-29) 


Meerwein-Ponndorf reduction of XXVIII with aluminum isopropoxide yields 
23% XXIX accompanied by higher-boiling condensation products (83)- Re¬ 
duction of XXVIII with sodium in ethanol yields 42% XXIX (82) while re¬ 
duction with sodium in liquid ammonia yields exclusively the ring open¬ 
ing products, 2-pentanone and 2-pentanol (83)- Catalytic hydrogenation 
over Raney nickel in ethanol at 90-125 °C. under 1200 psi pressure yields 
34% XXIX and 30% 2-pentanol (82). The same products in a 3: 2 ratio are 
obtained over nickel-on-kieselguhr at 50-60° under 600-1100 psi pres¬ 
sure (83). Hydrogenation over barium-promoted copper chromite under 
1750 psi pressure, at 100° yields 90% XXIX, at 120° yields 87% XXIX 
and at 150° yields 76% XXIX contaminated with 2-pentanol (82). Oper¬ 
ating with Raney nickel, at ordinary temperature and pressure in the pres¬ 
ence of sodium hydroxide, is reported to satisfactorily yield the corres¬ 
ponding carbinol without opening the cyclopropyl ring in the reduction of 
ethyl and butyl cyclopropyl ketones (86). 

The a- and /J-mycolic acids have been isolated from a virulent strain 
of Mycobacterium tuberculosis. By careful chromic acid oxidation, the 
acids are converted to methoxy-Ot- and ^3-normycolanone, C B7 H 174 O a , m.p. 
64-67° and 85-88°, respectively. Reduction of the carbonyl compounds, 
which have been given the partial structure (CH s OC i0 H lJ0 )—CO—CH a - 
C J4 H 49j with LAH yields the corresponding carbinol derivatives, m.p. 70- 
74° and 88-92°, respectively (871. 

7.2.l.c Alkyl and alicyclic aryl ketones . Alkyl and alicyclic phenyl, 
naphthyl, phenanthryl, anthracyl, and indanyl ketones have been suc¬ 
cessfully reduced to the corresponding carbinols. Steric factors here, as 
with the alkyl ketones, seem to present little hindrance to successful re¬ 
duction- Acetomesitylene (XXX) is reduced to the carbinol in quantita¬ 
tive yield (1-3). 



XXX 
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The treatment of l p 4-di-(2^-hydroxy-S^'^'-trimethylphenylJ-l^-butane- 
dione (XXXI) with LAH is reported to result in "poor reduction" (88). 
The absence of experimental details prevents attributing the apparent 
poor results to steric factors or the precipitation of the complex formed 
by the reaction of LAH and the active hydrogen. 



O 

C 6 H a CH—CHCC a H B 
OCOCH s 

N 0' 

XXXII 


The reduction of l^-diphenyl^-acetoxy-^piperidino-l-propanone 
(XXXII) with LAH yields 63% of I^-diphenyl-S-piperidino-l,2-propane¬ 
diol. No reaction occurs upon the attempted catalytic hydrogenation of 
XXXII with 45 psi hydrogen pressure over Raney nickel, platinum oxide 
or palladium-on-charcoal (89). 

LAH reduction of l-phenyl-4-(2'-pyridy!)-l-butanone (XXXIII) yields 
the corresponding carbinol while catalytic hydrogenation over platinum 
oxide in ethanol results in cyclizacion and yields 4-phenylquinolizidine 
(XXXIV) (90). 



O 

II 

CC.H, 



LAH reduction of 9 - acetylanthracene (XXXV) and 9-(l*-keto-3'-morpho- 
Iinopropyl)anthracene (XXXVI) yields the corresponding carbinol (91)- 



XXXV 
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Reduction of XXXV and XXXVI with two moles of hydrogen over platinum 
oxide in alcohol results in reduction of the terminal ring but leaves the 
carbonyl group intact (92). 



COCH, 



H a : PtO a 


(7-33) 


Reduction of Ct p |8-dimorpholinoisoburyrophenone (XXXVII) with LAH 
yields l-phenyl-2-methyl-2 p 3-dimorpholino- 1-propanol. Attempts to reduce 
XXXVII by catalytic hydrogenation at 80° in acetic acid results in its 
cleavage to morpholine and (X-morpholinoisobutyrophenone (93)- 


(7-34) 


Reduction of 6-chIoro-2-acetonaphthone (XXXVIII) (94), 7-chloro-l- 
acetonaphthone (XXXIX) (95), and adrenalone (XL) (96) with LAH and 
with aluminum isopropoxide results in equivalent yields of the corre¬ 
sponding carbinols. 
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XXXVIII 


COCH 




XL 


Reduction of XL with sodium borohydride yields 98% of the carbinol, 
adrenaline. Reduction of a-chloro^^-dihydroxyacetophenone (XLI) with 
LAH yields l-(3 / ,4^-dihydroxyphenyl)erhanol (XLII) while sodium boro¬ 
hydride and aluminum isopropoxide yield l-(3',4'-dihydroxyphenyl)-2- 
chloroethanol (XLIII) (96). 


HnrurH 



OH 

XLII 



XLI 



XLIII 


(7-35) 


The LAH reduction of saturated and unconjugated unsaturated alkyl 
and alicyclic aryl ketones is summarized in Table XII, 

7.2. l.d Diaryl ketones . Highly hindered diaryl ketones are readily 
reduced with LAH. LAH reduction of dimesiryl ketone yields 93% of the 
corresponding carbinol (97). Although reduction with aluminum isopro¬ 
poxide as well as reduction with metals and alcohols or metals and acids 
fails to reduce 9-benzoylanthracene (XLIV: R = H) and 9"phenyl- 10- 
benzoyl anthracene (XLIV : R = C 6 H B ), reduction with LAH proceeds 
smoothly (98). 


LAH 
80 - 85 % 

R 

R = H and C 6 H B 





XLIV 



p-Bromophenacyi bromide l-(p-Bromophenyl) ethanol 
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Conover and Tarbell (32) have reported that the reduction of various 
aromatic ketones, in which an amino group is ortho or para to the oxy¬ 
genated function, with excess LAH results in hydrogenolysis to the meth¬ 
ylene group. Thus, treatment of p-aminobenzophenone (XLV) with 4.5 
equivalents (1.125 moles) of LAH (2.5 equivalents excess over the amount 
required for reaction with the active amino hydrogen) after three hours at 
80° in a diethyl ether*di-r>butyl ether mixture yields 97% of p-amino- 
benzhydrol and 2% of p-aminodiphenylmethane. Reaction with 9 equiva¬ 
lents (2.25 moles) of LAH after one hour at 80° gives 15% p-aminobenz- 
hydrol and 57% p-aminodiphenylmethane. 



Treatment of p,p'-diaminobenzophenone (XLVI) with 13 equivalents (3-25 
moles) of LAH (9 equivalents excess over the amount required for reac¬ 
tion with active hydrogen) for 3 days at 60° gives 32% of p,p'-diamino- 
diphenylmethane, based on the starting material consumed. Treatment of 
p.p'-dimethoxybenzophenone (XLVII) with over 20 equivalents (5 moles) 
of LAH after 11 days at 90° gives 46% p,p'-dimethoxydiphenylmethane. 



XL VI XLVII 


It is postulated that the reduction proceeds with rapid formation of the 
benzyl alcohol which undergoes hydrogenolysis to yield the methylene 
compound. This is discussed more fully in Section 16.1. 

The LAH reduction of various diaryl ketones is summarized in Table 
XIII. 

7.2. l.e Alkyl heterocyclic ketones . A limited number of ketones con¬ 
taining heterocyclic rings alpha to the carbonyl group have been reduced 
with LAH. Reduction of 2-acetyl thiophene (XLVIII) with LAH yields 1- 
(2-thienyl)ethanol while catalytic hydrogenation yields l-(2-tetrahydro- 

thipnwlV rk nnl /nr^ 
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ri 

Nc/^ruru 


H a : RuO] 


XHCH, 

OH 


CCH S 

II 

o 

XLVIII 


‘OL 


(7-38) 


chch 3 

OH 


Reduction of ethyl (X-oximinofuroyl acetate (XLIX:R = C 2 H 5 ) with LAH 
yields the l-(2-furyl)-2-amino-l,3-propanediol, isolated in 2% yield as the 
oxalate. Reduction of the methyl ester (XLIX:R * CH S ) with LAH gives 
a "poor" yield of the same product. Catalytic hydrogenation of XLIX 
(R = CH S ) over palladium in an acetic acid-acetic anhydride mixture 
gives 75)% methyl (X-acetaminofuroylacetate (100). 



—CCOOR 

II II 

O NOH 



(7-39) 


The reduction of 4-acetyl-(L: R = CH S ) and 4-propionyl-(L: R = C 2 H 5 ) 
4-phenyl-1-methylpiperidine with LAH yields 80 and 84%, respectively, 
of the corresponding carbinols (101). 


OH 




(7-40) 


Treibs and Scherer (36) reported that the reduction of 2,4-dime thy 1-3- 
acetylpyrrole (LI) with excess LAH in refluxing ether gives not the ex¬ 
pected methyl pyrryl carbinol but kryptopyrrole (LII), identified through 
analysis of various derivatives. A higher molecular weight fraction was 
assigned the structure of an a,/3-dipyrrylmethane (LID) while the distil¬ 
lation residue apparently contains a polymethane (LIV). 





7.2 


KETONES 


149 



The reaction of octahydro-l,4-diketopentalene (LVI) with the methyl 
Grignard reagent yields the expected 1,4-dimethyl- 1,4-dihydroxy deriva¬ 
tive. The diketone readily absorbs two moles of hydrogen over Raney 
nickel to yield octahydro-l,4-dihydroxypentalene as a non-crystalline 
glass, presumably a mixture of stereoisomer ides. A similar product is 
obtained from reduction with LAH (103). 

The reduction of 2-pheoy 1-2-0-diethylaminoethyl cyclohexanone (LVII) 
with LAH gives a mixture of cis- and /rons-cyclohexanol derivatives. Re¬ 
duction of LVfl with aluminum isopropoxide yields a single isomer (104). 



Noyce and Denney have shown that the LAH reduction of /-menthone 
(LVUI) yields a mixture of menthols (71% /-menthol, 29% neomenthol (cis) 
which is reoxidized to /-menthone with insignificant change of rotation. 
This demonstrates that an asymmetric center next to a carbonyl group is 
unaffected by LAH reduction (103). 



Both catalytic hydrogenation and reduction with aluminum isopropoxide 
afford a marked preponderance of the cis isomer. Since the LAH reduc¬ 
tion of a carbonyl group should result in the approach of the reducing 
species from the side opposite a hindering group to give a product with 
the hydroxyl group in the cis position, the steric requirements of the re¬ 
ducing step of the LAH reaction are probably smaller than in the case of 
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the other reduction methods. “Random reduction 1 ' which might be ex¬ 
pected to occur in the case of little or no hindrance does not necessarily 
lead to formation of equal amounts of the two isomers 9 the more stable 
isomer y here the trans isomer, predominating. 

Noyce and Denney (105) reported that the /rans-carbinols predominate, 
from the LAH reduction of the 2-, 3-» and 4-methylcyclohexanones. Goer- 
ing and Series (106) demonstrated that the previously accepted assign¬ 
ments of configuration for cis- and trans- 3-methyl eye lohexanol are in er¬ 
ror and therefore the cz\s-epimer (formerly called trans ) predominates from 
the LAH reduction of 3-methylcyclohexanone. However, it has been found 
that the trans isomer is the more stable one in the case of the l y 2- and 
1,4-disubstituted cyclohexanes while the more stable isomer of 3"methyl- 
cyclohexanol is the cis isomer. Therefore, the work of Noyce and Denney 
is evidence that the LAH reduction of an unhindered ketone results in the 
predominant formation of the more stable isomer. When steric hindrance 
is sufficiently great, the predominant addition of hydrogen occurs from 
the unhindered side of the molecule, as in the reduction of ^-camphor 
(LIX) to a mixture of isoborneol and borneol containing 90% of the cis 
isomer, isoborneol. 



LIX 



(7-44) 


The reduction of 5 "methyl-6-ethoxy-1,2,3,4,4aa, 5,8,8a0l-octahydro- 
naphthalene-l,4-dione (LX) with LAH in tecrahydrofuran yields 80% of the 
1/3, 4/3-diol (107). 



(7-45) 


The highly stereo specific reduction, as indicated by the isolation of a 
single isomer, demonstrates that the face of the czs-decalin molecule is 
unhindered and that the opposite face is decidedly hindered for both car¬ 
bonyl groups (108). 
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The LAH reduction of 6-acetoxy-6-cyanobicycIo[3.2.0]-2-heptene (LXI) 
yields a mixture of the 6-aminomethyI-(^hydroxy compound and bicyclo- 
[3.2.0]-2-hepten-6-ol (LXII). The latter probably results from reduction of 
the ketone formed by reversal of the cyanohydrin formation (109)- 



LXI LXII 

(7-46) 

The LAH reduction of cyclohexane-1,2-dione at 35° is reported to 
yield 41% of cyclohexan-2-ol-l-one and one mole of hydrogen gas (61). 
As discussed later in this section, apparently the dione reacts in the 
form of the enol ketone, with reduction of the keto group to the carbinol 
and the retention of the enol form. On hydrolysis of the reduction mix¬ 
ture the keto carbinol is recovered. 

The LAH reduction of various saturated and unconjugated unsaturated 
alicyclic ketones is summarized in Table XIV. 

The following saturated cyclic amines containing a ketone group have 
been reduced with LAH to the corresponding carbinol. 



Ketone 


Carbinol 

Ref. 

C 7 H n NO 

3-quinuclidone 

LXIil 

100 

110 

C: a H la NO 

8-ketooctahydropyrrocoline 

LXIV 

58 

111 


tropinone 

LXV 

100 

112 

C B ll l5 NO 

l-butyl-3-pyrrolidone 


80 

113 

C l0 H ig NO 

l-methyM^-diethyM-piperidone 


95 

114 


0 

| 

CH a —CH — 
1 1 

-CH. 

1 



CY° 

1 

CH,N 

I 

C =0 

1 



■ 

1 

CH a —CH — 

-CH a 



LXIH LXIV 

LXV 




Mirza (112) reported that reduction of the ketone group in tropinone 
(LXV) to a secondary alcohol yields two internally compensated stereo- 
isomerides, tropine and pseudo tropine, the nature of the reduction product 
depending upon the reducing agent used. When the reduction is carried 
out electrolytically or with zinc and hydriodic acid the main product is 
tropine, contaminated with small amounts of pseudo tropine. Reduction 
with sodium amalgam yields pseudotropine as the only product. LAH re- 



TABLE XIV 

LAH Reduction of Saturated and Unconjugated Unsa turated Alicyclic Ketones _ 

Z ' Product 7. Yield Ref. 
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duction in ether gives pseudo tropine in quantitative yield, under a variety 
of experimental conditions. 

Paddock (63) postulated that in the reduction of alicyclic ketones that 
configuration is favored in which, for a 3"keto group, the carbon-oxygen 
bond is most nearly irons to CjC a and C 4 C a . This hypothesis allows the 
conclusion that in pseudotiopine the hydroxyl group and the methyl amino 
bridge have the trans configuration since here the carbon-oxygen bond is 
parallel to the C,C a and C 4 C 5 bonds (LXVI). 


H 



LXVI 


Clemo and Jack (115) showed that based on dipole moments and infrared 
spectra the configuration of pseudottoplne is cis. Sparke (116) recon¬ 
ciled these conflicting views by showing that if the chair form is assumed 
for the piperidine ring (LXVII) then the preferential formation of pseudo - 
tropine from tropinone on reduction with LAH is explicable since the 
hydroxyl group is in the equatorial conformation. 



/ -OH 
H 

LXVII 


7.2.l.g Ketones with reducible Ot- or ^substituents . 

1. (X-Ketonitriles . The LAH reduction of aroyl cyanides yields the cor¬ 
responding 2-substituted ethanol amine. 


LAH 


(7-47) 




LXVIH 
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Aroyl cyanide 

% Carbinol 

Ref. 

C,H«ClNO 

p-chlorobenzoyl cyanide 

89 

117 

C,H,NO 

benzoyl cyanide 

.... 

118 



86 

117 

C,|H u NO, 

3,4,5-trimethoxybenzoyl cyanide 

61 

119 

C 1J H 11 NO, 

m-benzyloxybenzoyl cyanide 


1 IB 


2. ft-Ketonitriles . The course of the reduction of /3-ketonitriles is de¬ 
termined by the substituents in the alpha position. The LAH reduction of 
2-cyanocyclohexane yields 70-75% of trans- 2-aminomethylcyclohexanol 
(11,120). Apparently the substituent in the 2-position presents little 
hindrance to attack since the product represents the more stable isomer 
for 1,2-disubstituted cyclohexanes. The reduction of 2-dimethyl amino- 
cyclohexanone to 80% rrans-2-dimethylaminocyclohexanol conforms to the 
same picture (11,121). 

Reynaud and Matti (122) examined the selective reduction of 2-benzoyl- 
2-phenylacetonitrile (LXIX) and 2-benzoyl-2-pheny 1-4-diethylaminobuty- 
ronitrile (LXX). Treatment of LXIX with one-quarter mole of LAH results 
in the evolution of hydrogen and the formation of an ether-insoluble com¬ 
plex which, upon hydrolysis, gives a quantitative recovery of the starting 
material. In contrast, reduction of LXIX with aluminum isopropoxide in 
isopropyl alcohol gives the expected l,2-diphenyl-2-cyanoethanol. 

CHC.H, (7-48) 

CN 

Reduction of the disubstituted LXX with one-quarter mole of LAH results 
in cleavage of the quaternary carbon-carbonyl bond to yield benzaldehyde 
and the aminobutyronitrile (LXXI). 


C fi H g CHO + 

CjHjCHCHjCHj^CjH^^ (7-49) 
CN 

LXXI 


C 6 H, 

C 6 H s C —C —CH a CH a N(C 2 H B ) a 
O CN 

LXX 


LAH 


c 6 h 5 c- -chc 6 h b A1( - < ~ prQ) - c 6 h b ch- 

“ " 6 25-30% I 


O CN 
LXIX 


OH 


Reduction of LXX with aluminum isopropoxide in isopropyl alcohol also 
results in cleavage to yield LXXI and isopropyl benzoate. 
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3- CL-Ketoamides m The LAH reduction of ketoamides yields the substi¬ 
tuted ethanol amine. Thus, phenylglyoxyl amide (LXXII :R = H) is re¬ 
duced to 2-phenylethanolamine, while N,N-diechylphenylglyoxylamide 


C 6 H f COCONR 2 


LAH 

347. 


LXXII 


C fl H 5 CHCH 2 NR 2 

OH 


(7-50) 


(LXXII :R « C a H B ) yields 33% of 2-phenyl-N.N-diethylethanolamine (118). 

4. OL-Ketoacids. The LAH reduction of phenylglyoxylic acid (LXXIII) 
yields 1-pheny I ethylene glycol (2,123). 

LAH 

C 6 H 5 COCOOH -► C 6 HjCHCH,OH (7-51) 

B07. j 

OH 

LXXIII 


5. Diazoketones . The product of the reduction of diazoketones is af¬ 
fected by the reduction method. LAH reduction of l-diazo-2-nonadecanone 
(LXXIV) gives 1-amino-2-nonadecanol while catalytic hydrogenation gives 
2-nonadecanone but no aminoalcohol (124). 

CHjfCHjJjgCHCHjNH, CH^CHJ.pZHN, » CH.CCH^CCH, 

OH O O 

LXXIV (7-52) 

Both LAH reduction and catalytic hydrogenation over platinum oxide con¬ 
verts the diazoketone from sebacic acid (LXXV) to 2,11-dodecanedione. 


COCHN 2 

/ 2 

(cK). 

\zOCHN, 

LXXV 


COCH, 



COCH, 


(7-53) 


LAH reduction of diazoacetophenone. (LXXVI) gives 93% of 2-phenyl- 
ethanolamine and 3% of acetophenone while catalytic hydrogenation over 
platinum gives 21-50% of acetophenone with no aminoalcohol or other 
products. Reduction of LXXVI over platinum oxide gives 15% of aceto¬ 
phenone, 3% of aminoalcohol and 47% of 2,5-diphenylpyrazine resulting 
horn dehydration and dehydrogenation of the aminoketone. 
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C.HjCOCHN, 

LXXVI 


» C,H,CHCH,NH a + CgHjCOCH, 
OH 

» C 6 H 5 COCHj 

‘ a:FIOl -> C 4 HjCOCHj + CjHjCHCHjNHj + 


OH 


(7-54) 


.,R. ^C 4 Hj 

C.H' "N' 

LAH reduction of 3,4-dimerhoxy-a>-di azoacetophenone is reported to give 
no definite product (124). 

6. Ke to azides . The reduction of ketoazides with LAH yields the 2- 
substituted ethanolamine. Thus, phenacyl azide (LXXVII: R =■ C e H s ) 
yields 49.5% 2-phenylerhanolamine while triazoacetone (LXXVII: R = CH,) 
yields 48% l-amino-2-propanol (125). 

RCOCH 2 N, RCHCH 2 NHj (7-55) 

OH 

LXXVII 

7. OL-Ketooximes . The LAH leduction of CX-oximinoketones presents a 
picture of unusually poor and ill-defined reductions. The inverse addi¬ 
tion of the theoretical amount of LAH to an ethereal solution of isonitro- 
soacetophenone (LXXVIII) permits the selective reduction of the carbonyl 
function to yield l-phenyl-2-oximinoethanol (126). 

H LAH H 

C 6 H 5 CC=NOH C 6 H s CHC=NOH (7-56) 

0 OH 

LXXVIII 

Gregory and Malkin (127) reported that attempts to reduce methyl 2- 
oximino-3-ketooctadecanoate (LXXIX) with LAH gave a mixture of long* 
chain amines from which no pure substance could be isolated. Fisher 
(128) obtained 2*amino-l,3-octadecanediol, isolated as the cribenzoyl 
derivative, from this reduction. 
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L AH 

CH 3 (CHA 4 C—CCOOCH s -> CH 3 (CHA 4 CH—CHCILOH (7-57) 

II II II 

O NOH OH NH a 

LXXIX 

As mentioned earlier in Section 7.2. l.e (equation (7-38)), LAH reduc¬ 
tion of ethyl and methyl Ol-oximinofuroylacetate yields the aminodiol in 
very poor yield (100). 

Attempts to reduce ethyl (X-oximinobenzoylacetate (LXXX) with LAH are 
reported to yield poor results (18). Reduction in the cold gives a mixture 
of products from which only one product has been isolated. The structure 
of this product has been postulated as the Schiff's base or the oxazoli- 
dine derivative (129). Reduction in a refluxing ethereal solution with ex¬ 
cess LAH gives <zWo-t#-3-phenylserinol (130). 


CJJ 5 C—CCOOC-H, 

II II ‘ 

O NOH 
LXXX 



C,H,CH 

—CH—N =CHC,H S 

C,HjCH—C1ICOOH 

LAH 


1 

or | | 

cold 

* OH 

COOH 

0 NH 

\ / 




CH 

1 




1 

c 6 H s 


CjHjCH 

—CHCHjOH 


LAH 

1 

1 


warm 

* OH 

NH, 



8. OL-Ketaphenylhydrazones . The LAH reduction of the phenylhydra- 
zone of benzoylglyoxal (LXXXI) is reported to yield a crystalline com¬ 
pound, m.p. 138.5 which has not been further examined (18). The re¬ 
duction of ethyl 2-phenylhydrazinobenzoylacetate (LXXXII) gives a 45% 
yield of the phenylhydrazone of benzaldehyde (130). 


C,H 5 C—C=NNHC,Hj 

O CHO 
LXXXI 


C.H,C—C=NNHC.H, 

0 COOCjHg 

LXXXII 
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9. fi-Ketoesters . The reduction of /3-ketoesters is influenced by the 
tendency toward enolization. The following /3-keotescers have been re¬ 
duced with LAH to the corresponding l v 3-diols: 




% Yield 

Ref. 

C*H|oOj 

ethyl acetoacetate 

30 

131 

CjHjjOj 

ethyl 2-methyl acetoacetate 

60 

131 

C,H t NO < 

methyl a-oximinofuroyl acetate 

"poor" 

100 

C|H„Oj 

2-carbethoxy-l-cyclopentanone 

22 

131 

c,h,no 4 

ethyl Ot-oximinofuroylacetate 

2 

100 


2-car bethoxy-2-methyl-I-cyclopentanone 

66 

131 


2-carbethoxy-l-cyclohexanone 

17 

131 

C,H u O, 

1,3-dicarbethoxy acetone 

40 

132 

CioHi.Oj 

2-carbethoxy-2-methyl- 1-cyclohexanone 

87 

131 


ethyl 2-oximinobenzoyl acetate 

.... 

IB, 129,130 

CuHjiOj 

2-carbethoxy-3,3-dimethyl-1-cyclohexanone 

76 

133 

CuHj.N0, 

ethyl 2-acetamidobenzoylacetate 


134 

CijHj.Oj 

ethyl 2-benzyl acetoacetate 

70 

131 

Ci.Hj.NO, 

methyl 2-oximinooctadecan-3-one- 1-oate 


127,128 


The reduction of ethyl aceroacetate proceeds in relatively low yield 
(131), but the O-ethyl derivative is resistant to reduction (135). Among 
the 2-substituted acetocetic esters the yield increases with an increase 
in the size of the substituent due to an apparent hindrance to enolization. 
The reduction of 2-carbethoxy-l-cyclopentanone (LXXXIII) yields 22% of 
the diol while the 2-methyl-2-carbethoxy-l-cyclopentanone (LXXXIV) 
yields 66 % of the diol (131). S^-Dicarberhoxy^-methyl-l^-cyclopenrane- 
dione (LXXXV) is reported to react with LAH in the dienol form (136). 


H 



COOC a H s 


LXXXIII 


r 


CH, 

.COOCjHj 


^0 

LXXXIV 



Dreiding and Hartman (137) have investigated the LAH reduction of 
various enolizable ^-ketoesrers. Buchta and Bayer (131) reported that 
reduction of 2-carbethoxy-l-cyclopentanone (LXXXIII) gives 22% of 2- 
hydroxymethylcyclopentanol, but Dreiding and Hartman found that the 
LAH reduction of 2-carbomethoxy-l-cyclopentanone (LXXXVI) gives a 
mixture of 42% of 2-merhylenecyclopentanol (LXXXVII), 25% of 2-hydroxy- 
methylcyclopentanol (LXXXVIII) and 8% of 1-hydroxymechyl-l-cyclopen- 
tene (LXXXIX). The reduction of 2-hydroxymethylene-l-cyclopentanone 
(XC) gives 57% of LXXXVII, 5% of LXXXVIII and 12% of LXXXDC. 
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^OH 
L XXXVII 


q^h.oh 


OH 

Lxxxvm 


,CH a OH 


LXXXIX 


(7-59) 


Similarly, while 2-carbethoxy-1-cyclohexanone (XCI) has been reported 
(131) to yield 17% 2-hydroxymethylcyclohexanol, Dreiding and Hartman 
found that the products include 52% of 2-methylenecyclohexanol (XCII), 
21% of l-hydroxymethyl-l-cyclohexene (XCIII) and 11% of 2-hydroxymethyl- 
cyclohexanol (XCIV). The reduction of 2-hydroxymethylene- 1-cyclo¬ 
hexanone (XCV) gives 50% of XCII, 18% of XCIII and 11% of XCIV. 



(7-60) 


Since the reduction of 2-hydroxymethyl cyclohexanone with LAH gives 
XCIV in good yield, the following course of the reaction has been postu¬ 
lated to account for the formation of unsaturated alcohols in the indicated 
reductions: 

The non-enolic portions of XCI and XCV are reduced with LAH to the 
diols while the enolic portions react to form the enolate salts A and B 
along with hydrogen. This interpretation is supported by the quantity of 
hydrogen evolved and by the increased yield of diols from the reduction 
of compounds containing a methyl group in place of the active hydrogen 
(131,137,138). Replacement of the ethoxy group in A by hydrogen yields 
B, which would then be intermediate in the reduction of both XCI and 
XCV. A hydride attack on the enolate salt B at either position a or b 
yields the intermediates C and D, respectively. Loss of oxygen from C 
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and D yields 2-merhylenecyclohexanone (XCVI) and 1-cyclohexanecar- 
boxaldehyde (XCVII) which would be further reduced to XCII and XCIII 
with excess LAH. 






XCII XCIII 

The formation of 20% of 1-cyclohexenecarboxaldehyde (XCVII) by the 
partial reduction of XCV, the reduction of XCVI to XCII and the reduc¬ 
tion of the sodium enolate of 2-carbomethoxycyclopentanone to yield 2- 
methylenecyclopentanol and 1-hydroxymethyl-l-cyclopentene are con- 
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sistent with the postulated mechanism. In contrast to the formation of 
the unsaturaced alcohols by the LAH reduction of the sodium enolate of 
the cyclopentanone ester, the sodium enolate of 2-methylcyclohexanone 
is resistant to attack by LAH (137). 

Although 1,2-diketones generally react without difficulty to yield the 
corresponding 1,2-diols, the LAH reduction of 1,2-cyclohexanedione 
(XCVIII) apparently proceeds through the enol ketone form since the 
product formed in 41% yield, cyclohexan-2-ol-l-one, is accompanied by 
the evolution of one mole of hydrogen (61), 



Reductic acid (XCIX), analogous to glucoreductone, is not reduced with 
LAH due to the presence of a mesomeric system (16). 


O =C- con 


C 

H, 

XCIX 

7.2. l.h Ot- and P-Amino and hydroxy ketones . The presence of 0L- and 
substituents such as amino and hydroxy groups in many cases results 
in side reactions or non-reduction in the catalytic hydrogenation or 
Meerwein-Ponndorf reduction of ketones to the corresponding carbinols. 
It is therefore of interest to tabulate those substituted carbonyl deriva¬ 
tives which have been successfully reduced with LAH to the corresponding 
carbinols. 

0 



OrAminoketones \—C—C- -N. 

\i 

Ref. 

c.h„no 

8-ketooctahydropyrrocoline 

Ill 

C,H ls NO 

2-dimethyl aminocyelohexanone 

11,121 


1 -butyl-3 -pyrrol i done 

113 


3-( 1^-pyrrolidyJ )-2-butanone 

139 

C. 10 H IJ NO 

co-dimethyl aminoacetophenone 

140 

C u H„NO« 

ethyl 2-acetamidobenzoylacetate 

134 

CmHj.NO, 

(X-mocpholinoisobucyrophenone 

93 

C,.H IS NO 

phenacyl benzylamine 

141 

C, t H 17 NO, 

l-p-biphenylyl-2-acetamidopropan-3-ol-l-one 

142 
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C„H xB N a OS 

CjjHjoNjOS 


C n HjoN 2 0 


9-u>thi azolyl aminoacetyl-1,2,3,4-tetr ahydrophenanthr cne 

9-u)-benzothi a zolylamino acetyl-1, 2,3,4-retr ahydro¬ 
phenanthr ene 

9-cu-(^-phenylethyl)aminoacetyl-l,2,3 v 4-tetrahydro- 

phenanthrene 

9-u-(p-diethylaminoanilino) acetyl-1,2,3,4-tetrahydro- 
phenanthrene 


Ami noketones \ ~C — C C—N 


C'HuNO 

4-(l , -pyrrolidyl)-2-butanone 

139 

C b H 17 NO 

l-butylamino-3-butanone 

113 

C l0 H 1# NO 

l-methyl-3,5-diechyl-4-piperidone 

114 

CjaHj|NO a 

2-phenoxy-6-dimerhylaminomethyl-l-cyclohexanone 

144 


2-phenoxy-6-morpholinomethyl-l-cyclohexanone 

144 

C la H u N0 2 

2-phenozy-6-p ip erid inome thy 1-1-cy c 1 ohe x anon e 

144 

C„H„NO 

9-(l-keto-3-dimethylaminopropyl)anthracene 

91 

ClHj.NO, 

l,3-diphenyl-3-morpholinopropan-2-ol-l-one 

145 

CjoHjjNOj 

l,3-diphenyl-3-piperidinopropan-2-ol-l-one 

145 

Cj.Hj.NOj 

9Kl~keto-3-morpholinopropyl)anchracene 

91 

CjjH m NOj 

l F 3-diphenyl-2-aceroxy-3-piperidino-l-propanone 

89 

C m H u NO. 

l,3-diphenyl-3-tetrahydroisoquinolinopropan-2-ol-l-one 

146 

CjjHjjNOj 

l I 3-diphenyl-2-acetoxy-3-(N-benzyl-N-methylamino)-l- 

89 


propanone 


CjtHjjNO, 

1,3-diphenyl-2-benzoxy-3-piperidino-1-propanone 

89 

CjjH,jNO 

9-( l-keto-3-di amyl ami nopropyl)anthracene 

91 


C 14 H aa N a O 


CjoHjqNjO 

C al H M N 2 O a 


CjjHj.NaOa 

CmH^NA 

CjtHmNjOj 

C^HaoNaO, 


a, $-Diaminoke tones /-—C — C — C N 


3.4- bis-(dimethylamino)-4-phenyl-2-butanone 

3.4- dimoipholino-4-phcnyl-2-butanone 
1-phenyl-2,3-dimorpholino-l-butanone 
l-phenyl-2-methyl-2,3-dimorpholino- 1-prop anone 

3.4- dipiperidino-4-phenyl-2-bucaoone 
1-phenyl-2,3-dipiperidino-l-butanone 
l-phenyl-2-methyl-2-benzyl amino-3-morpholino-1- 

propanone 

1-phenyl-2-morpholino-3-N-methylbenzylamino-l- 
propanone 

3-morpholino-4-tecrahydroquinolino-4-phenyl-2-butanone 
1,3-diphenyl-2,3-dimorpholino-1-propanone 
1-phenyl-2-dibenzylamino-3-morpholino-1-propanone 
l I 3"diphenyl-2-morpholino-3-tetrahydroquinolino-l- 
propanone 
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1-phenyl-2-methyl-2-dibenzylamino-3-morpholii) o-l- 

93 


pr op an one 


Cj|H 14 N,0j 

3 l 4-bis-(N-methyl-p-methoxybenzylamino)-4-phenyl-2- 

71 


butanone 



1 1 ) 

OL-Hydroxy ketones \ — C — C—OH/ 

V I / 


CtHuO, 

\ 1 / 

cycloheptan-2-ol- 1-one 

148 

CioHnOj 

l-phenylpropan-l-ol-2-one 

149 

CwH^O, 

cyclodecan- 2-ol- 1-one 

150 

CnHj,0, 

cyclooctadecan-2-ol- 1-one 

151 

ChHjjNOj 

l,3"diphenyl-3-morpholinopropan-2-ol-1-one 

145 

CjdHjjNOj 

l,3“diphenyl-3-piperidinopropan-2-ol-l-one 

145 

c J 4 h„no j 

l l 3-diphenyl-3-tetrahydroisoquinolinopropan-2-ol-l-one 

146 


^Hydroxyketones I —C — C C OH 


c 7 h„o 1 

2-hydroxymethylcyclohexanone 

137 

c«h 14 o. 

3-hydroxymechyl-4-hepcanone 

152 

c 17 h 17 no, 

l-p-biphenylyl-2-acecamidopropan-3-ol-1-one 

142 

c„h ji no 4 

8-hydroxy dihydrocodeinone 

153 


tx-Acyloxyketones I—C — C—OCOR 


C n H 17 O s 1,3-diacetoxy- 2-heptanonc 154 

C 19 H u 0 5 l f 3-diaceioxy-2-undecanone 154 

C Ja H M N0 3 l,3-diphenyl-2-acetoxy-3-piperidino-l-propanone 89 

C a5 H a5 N0 3 1,3-diphenyl-2-acetoxy-3-(N-inethylbenzyl amino V 1~ B9 

propanone 

C aT H a7 N0 3 1,3-diphenyl-2-benzoxy-3-piperidino-l-propanone 89 

Wear (152) reported that the ketoalcohol (C), formed by the LAH reduc¬ 
tion of ethylketene dimer, is readily reduced with LAH to the 1,3-diol. 


C a H s CH =C —CHC a H, C a H B CH a C —CHC a H s 

* " I I 2 * LAH 3 2 II I 


o—c=o 


0 CH a OH 


C a H B CH a CH —CHC a H s (7-63) 


OH CH a OH 
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On the other hand, Spriggs, Hill and Senter reported that the ketoalcohols 
CII formed by the LAH reduction of cyclohexylketene dimer (CI:n = 0) 
and (gj- cyclohexyl alkyl)ketene dimers (Cl: n = 1,2,4) could not be further 
reduced with LAH (155). 



CII 


7.2.1.i 01,j R-Un saturated ketones including polycyclic ketones with 

aromatic or heterocyclic nuclei . The LAH reduction of 0l,jS-unsaturated 
ketones generally yields the corresponding unsaturatcd carbinol, although 
departures from this behavior due to the presence of various structural 
components have been observed. The reduction of a,/3-unsaturated ke¬ 
tones is summarized in Table XV. 

The reduction of conjugated alkenyl ketones to yield the corresponding 
alkenyl carbinols may be complicated by the sensitivity of the product. 
Attempts to prepare diisobutenyl carbinol by the reduction of phorone 
(CIII) with LAH yield, mainly, the triene (CIV) due to the sensitivity of 
the carbinol to traces of acidic impurities, resulting in rearrangement, 
and the ease of dehydration of the isomeric carbinol (156). 


CH CH, CH 9 H » 

\ / T AU \ I 

C =CHCCH =C C=CH—CH =CHC =CH, 

ch/ I \h, Ch/ 

CIII 


i 


CIV 

t 


(7-65) 


CH V CH, 

Y / 

C =CHCHCH =C 

/ I Y 


CH,, 


CH, 


CH 


OH 


CH, CH, 


C=CH —CH=CHC—CH, 


OH 


An analogous rearrangement has been observed in the hydrolysis of the 
reaction, product from the reduction of various highly conjugated unsatu¬ 
rated ketones. In the presence of acids, allylic rearrangement occurs, 
while no rearrangement occurs in the presence of ammonium chloride so¬ 
lution (14). 
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C 6 H s (CH =CH) 2 C(CH =CH) 2 C 6 H s 

OH 


LAH 


C 6 H b (CH =CH) a CH(CH =CH) a C 8 H a 


OH 


C 6 H 5 (CH=CH) a (CH =CH) a CHC 6 H s (7-66) 


The LAH reduction of compounds which contain the styryl ketone 
grouping can be controlled to yield either the saturated or unsaturated 
alcohol. 


OH 

I 

C 6 HjCH =CHCHR 


(7-67) 


C 6 H a CH —chcr: 

cv 


OH 


C 6 H g CH a CH a CHR 


(7-68) 


Thus, benzalacetone (CV: R = CH a ) (29,157,158), benzalacetophenone 
(CV: R = C 6 H a ) (159,160) and dibenzalacetone (CV: R * -CH=CHC 8 H a ) 
(14,29) have been reduced to both saturated and unsaturated carbinols 
while various highly conjugated unsaturated ketones have been reduced 
to the corresponding unsaturated carbinols (14,161). 


O 

(I LAH 

C«H,(CH =CH) fn C(CH =CH) n C,Il, -> 

OH 

I 

C,H S (CH =CH) m CH(CH =CH)„C.H, (7-69) 
O OH 

C 6 H J (CH=-C.H) n ,CR C 8 H 5 (CH =CH) m CHR (7-70) 

0 O 

II I lah 

C,Hj(CH =CH) m C—C(CH=CH) n C,II, -► 

OH OH 

I I 

C,H,(CH =CH) m CH —CH(CH -=CH) n C,H, (7-71) 



TABLE XV 

L AH Reduction of a, £-Unsaturated Ketones_ 

Product ^ Yield 
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%% 

X X 

ooo. 

1 = s = - 

o 

a 

X 

3 

°.°s 

u u 

u u u 

U 

u u 


l-Cycloheren-5-one l-Cyclohexen-3-ol 70 20,21 

l-Mechyl-l-cyclohexen-3-one 1-Methyl-l-cyclohexen-3“ol .... 20,21,24 
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The simultaneous reduction of the double bond and the carbonyl group is 
postulated as proceeding through the complex CVI as discussed in Sec¬ 
tion 15.1.1.b.l. 


CH,—CHR 

I I 

C.H.CH 0 

a a 

(/ CHC,H. 

I I 

CHj —CHR 
CVI 

The O-methyl derivative of dibenzoylmethane (CVII) has been reported 
to be resistant to reduction with LAH (135). 


OCH, 0 

I II 

C 6 H B C=CHCC g H B 

CVII 


Rondestvedt reported that the treatment of various chalcones in ether 
with 0.6 mole of LAH per mole of chalcone by the Soxhlet extraction tech¬ 
nique gives high yields ot the corresponding saturated carbinols (162). 




R' 

% Yield 

H 

OCHj 

88 

H 

Cl 

88 

CH| 

H 

97 

OCH, 

H 

90 

Cl 

H 

95 


Pew reported that the addition of 0.05 millimole of LAH to 0.02 milli¬ 
mole of chalcone in ether followed by a period of one hour in which the 
reaction mixture apparently is maintained at ambient temperatures gives 
the corresponding unsaturated carbinol (163,164). 
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Ri 

R a 

Rj 

R< 



Rt 

R. 

R* 


OH 

II 

OH 

H 

H 

H 

OCH3 

OC 

H 

H 

OH 

H 

OH 

H 

H 

OH 

OCH s 

H 

H 

H 

OH 

H 

OH 

H 

H 

H 

OCH 3 

OH 

CH-^CHCH, 

11 

OH 

H 

OH 

H 

H 

H 

OCH 3 

OH 

H 

H 

OH 

H 

OH 

H 

H 

H 

OCH3 

OH 

OCH a 


OH 

OCH, 

H 

C S H, 

H 

H 

OCH3 

OH 

OCH, 


OCH s 

OH 

OCH 3 

H 

c 3 h 7 

H 

OCH3 

OH 

OCH s 


H 

OH 

OCH a 

H 

CH S 

H 

OCH, 

OH 

OCH 3 

H 


Lutz and Gillespie (165) reported that the LAH reduction of cis* and 
irarzs-dibenzoylethylene (CX) gives the same two products in identical 
yield ratios in each case apparently due to cz's- to trans - isomerization 
occurring prior to reduction. 

C,H S CCH =CHCC,H, 


6 O 

CX 

C ( H,CH CH a CH,CC 4 H, + C,H,CHCH=CHCHC t H i (7-74) 

OH O OH OH 

CXI CXII 

The formation of trans* l,4*diphenyl-2-buten-l t 4-diol (CXII) in 10% yield 
is the expected result of successive 1,2-additions to the two carbonyl 
groups. . The hydroxyketone (CXI) (88% yield) must have been stabilized 
in the form of an enolate and liberated upon hydrolysis of the reaction 
mixture. This result is explained by the postulation of a 1,4-addition of 
the reagent to the (X^-uns a turned ketone (b) with prior or subsequent 
l v 2-addition (a) independently of the other carbonyl group. 
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C e H s C —CH =CH —CC e H, 


CX 


AIH4 


C 6 H s —C —CH =CH —C—C.H, 

XII \ /’ll 

a O b c 0 

, I 1 e \l i G , 

|_ H AlH, fa n H—A lH, J 


(7-75) 


(B,C) 

C.H.CHCH =CHCHC,H. 

I I 

0 G 0 G 

l H >° 

C a H a CHCH -=CHCHC 6 H 5 

OH OH 

CXII 



OH O 

CXI 


Failure to isolate any saturated diketone excludes the possibility of 
enolization at the second carbonyl group, after initial 1,4-addition, to 
yield the diene-diolate. 

Reduction of /rons^dimesitoylethylene (CXIH) yields the hydroxyketone 
as the only product. 



(7-76) 


OH C ] 


L a 
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In this case sreric hindrance obstructs 1,2-addition but does not affect 
1,4-addition. 

1,2-Dimesitylpropenone (CXIV), an OC,jS-unsaturated ketone possessing 
structural features which would favor 1,4-addition and render the result¬ 
ing enol isolable, reacts readily with LAH to yield the enol which is 
stabilized and liberated upon hydrolysis of the reaction mixture. Treat¬ 
ment with methanolic hydrogen chloride converts the enol to 1,2-dime- 
sitylpropanone which can be reduced with LAH to the corresponding 
alcohol (166). 


(7-77) 


W,-C-C-C.H., C.H..-C-C-C.H,, 

CHj O CH S OH 

ch.oh-hc^ CjH,,—CH—C—C,H n C,Hj, —CH —CH —(C,H,,) 


CH S O 


CH S OH 


(7-78) 


The reduction of frons-dibenzoyldimethylechylene (CXV) with LAH pro¬ 
ceeds by 1,2-addition to yield equal amounts of racemic and meso un¬ 
saturated glycols (167). 


CH S 

c ‘ H rr c T‘ Hs 

o ch 3 o 

CXV 


LAH 


CH. 

I 

C.H.CH —C =C —CHCH, 

I I I 

OH CH, OH 


(7-79) 


Lutz (165) Has advanced the postulation of an intermediate cyclic res¬ 
onating transition state in the case of 1,4-additions, analogous to those 
proposed for Grignard reactions and aluminum alkoxide reduction. 



H, 

CXVI 


By way of comparison, reduction of cis- and irons - dibenzoylethylene 
(CX) with aluminum isopropoxide proceeds entirely by 1,2-addition to 
yield the unsaturated glycol (CXI1) while frans-dimesitoylethylene is not 
attacked by the alkoxide. The reduction of trans -dibenzoyl dimethyl- 
ethylene (CXV) with the alkoxide proceeds very slowly to give a small 
yield of the frans-unsaturated glycol (168). A quasi six-membered ring 
is postulated in these reductions and involves a coordination complex 
between the carbonyl group and the aluminum alkoxide. 
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0-A^OC.HA 
C Cp 

/ ■ f r\ 7 

R H-Lc(CH,) 2 
CXVII 

The action of phenyl magnesium bromide on dibenzoylethylene (CX) in¬ 
volves chiefly l f 4-addition as the first step, but differs from the LAH re¬ 
action in the second step by causing enolization at the remaining car¬ 
bonyl group. 

c.h b 

C,H,CC.H -=CHCC*H, c «^ MgB .L» C e H s CCHjCHCC,H. 

60-657b 


O 0 

CX 

I 


(7-80) 


C 6 H 5 C =CHCHCC fl H 5 C 6 H 5 C =CHC =CC b H s 

__ OMgBr O _ OMgBr OMgBr 

This difference is accounted for by the influence of the phenyl group and 
the hydrogen, which enter alpha to the second carbonyl group, on the 
ability of this second carbonyl group subsequently to add and to enolize 
(169). 

In the LAH reduction of chalcones to saturated carbinols (equation 
(7-72), Rondesrvedt (162) obtained a small quantity of p-anisylpropio- 
phenone in the reduction of anisalacetophenone (CXVIII). 



(7-81) 


It was postulated that the initial addition is 1,4- to the conjugated sys¬ 
tem. The isolation of the saturated carbinol in 88% yield would therefore 
require further reduction of the enolate. It is more likely that a complex 
such as has been postulated in the reduction of cinnamyl type compounds, 
e "&-> styryl ketones is involved. This is discussed more fully in Section 
I5.1.1.b.l. 

The LAH reduction of diketolanostenyl acetate (CXIX), followed by 
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acetylation, yields an unsaturated triacetate, a ketodiacetate and a satu¬ 
rated diacetoxy carbinol (170,171). 



i. LAH 
2. (CHjCO) a O 



The isolation of the ketodiacetate is indicative of 1,4-addition to the un¬ 
saturated 1,4-diketone grouping. 

The reduction of (X, fi-un saturated ketones containing alicyclic double 
bonds has been reported in most cases to yield the corresponding (X- 
erhylenic alcohol (Table XV). Thus, l-acetyl-4,4-dimethylcyclohexene 
(CXX) and 2-acetyl-l,3,3-trimechylcyclohezene (CXXI) are reduced with 
LAH in refluxing ether to the cyclohexei 

LAH 

-► 

114% 

CXX 


LAH 
B0% 

CXXI 

English and Lamberti (174) reported that treatment of 1-acetylcyclo- 
hexene (CXXII) with a slight excess of LAH in refluxing ether gives 1- 
(l'-eyclohexenyl)ethanol contaminated with about 20% of unchanged ke¬ 
tone. A second reduction of the crude product with LAH reduces the ke¬ 
tone content. Considerable difficulties are encountered in isolating 




nyl ethanols (172,173). 



(7-83) 


(7-B4) 
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characteristic derivatives. Mousseron and his coworkers (10,11,175) re¬ 
ported that the addition of CXX1I to an excess of LAH at ambient tempera¬ 
tures gives a mixture of the saturated and unsaturated carbinols, in which 
the saturated carbinol is the predominant product. 

nrf-■ ^ rVT' + cYT* 


CXXII 

Inverse addition at —10 ° of a decreased amount of the hydride gives the 
same mixture with a reversal of the relative proportions of saturated and 
unsaturated alcohols. Because of the difficulty in obtaining satisfactory 
derivatives, the products were identified after oxidation to the corre¬ 
sponding ketones and fractionation of the 2,4-dinitrophenylhydrazones. 
It was suggested that English and Lambert may have overlooked the satu¬ 
rated carbinol due to the extreme conditions necessary to obtain deriva¬ 
tives. The formation of the saturated carbinol has been interpreted as 
arising through a complex (CXXI1I) analogous to that proposed for the 
reduction of cinnamyl-type compounds: ^ 


CXXIII 

English and Lamberti (174) reported that the attempted reduction of CXXII 
with aluminum isopropoxide results in extensive isopropyl ether forma¬ 
tion. Mousseron et al m (10,11,175) obtained practically equal quantities 
of the saturated and unsaturated carbinols by the reduction of CXXII with 
the aluminum alkoxide. This 1,4-addition is interpreted by the formation 
of the aluminum complex CXXIV via the migration of two hydrogen ions. 



OC,H 7 

CXXIV 
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The LAH reduction of unsaturated ketones in which the double bond 
and the ketone group are both part of an alicyclic system yields the cor¬ 
responding unsaturaced carbinol. As in the reduction of the methylcyclo- 
hexanones the tranj-i somer is the predominant product in the reduction of 
(-)-piperitone (CXXV) and (-)-cryptone (CXXVI) to the corresponding 
carbinols (176). 



CXXV 


(+)-cxs 25% 

(—)~ttans 75% 


CXXVI 



(7-87) 


(7-88) 


The ketone group in CXXVII resists all the usual reagents for car¬ 
bonyls, does not contain mobile hydrogen, and is not enolizable. How¬ 
ever, it is reduced by LAH to a colorless compound containing active 
hydrogen, presumably the carbinol (177). 




(7-89) 


The LAH reduction of ketones containing an alicyclic carbonyl group 
and a semi-cyclic double bond yields the unsaturated carbinol. 



As discussed earlier and indicated in equations (7-59) and (7-60), the 
LAH reduction of 2-hydroxymethylenecyclopentanone and 2-hydroxyvnethy- 
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Ienecyclohexanone (CXXIX) yields a mixture of 2-methylenecycloalkanol, 
l-hydroxymethylcycloalkane and 2-hydroxymethylcycloalkanol (137). 


(CH,),, 


:=o 


LAH 


; =CHOH 




CHOH 

=CH, 


CXXIX 


n = 3,4 



I i 

_ . I 


HOH 


+ (CH X , 

jHCH a OH 


(7-91) 


Vonderwahl and Schinz (178) reported that treatment of 1,1,5,5-tetra- 
methyM-hydroxymethylene-3-cyclohexanone (CXXX) with LAH in reflux¬ 
ing ether, followed by the addition of sulfuric acid, gives 49% of a mix¬ 
ture of saturated (67%) and unsaturated aldehydes (33%) as well as a 
quantity of glycol. 



1. LAH 
2. HjSO« 





(7-92) 


Seifert and Schinz (179) carried out the reduction of various substi¬ 
tuted and unsubstituted 2-alkoxymethylenecyclohexanones (CXXXI) with 
LAH in refluxing ether. Hydrolysis with water gives the 2-alkoxymethy- 
lenecyclohexanol which is saponified and dehydrated with cold, concen¬ 
trated sulfuric acid to yield the 1-cyclohexenecarboxaldehyde. 


o 

R. 

X- 

/•OH 

* 

Cf 

S' 

L AH y 

Y 

h,so 4 ^ 

> A 


' . ^c„on 



*CHOR 

R « k 


CXXXI 





(7-93) 


Hi 

R> 

R. 

R 4 

% Aldehyde 

C„H„p, CH, 

CH, 

CH, 

H 

H 

60 

CuHj,0, i-C 4 H, 

H 

H 

H 

H 

23 

^ijHjoOj i-C|H, 

CH, 

H 

H 

H 

80 

c uH«*>i i-C 4 H, 

H 

H 

CH, 

CH, 

46 
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Similar to the cyclohexanone derivatives, treatment of 2-isobutoxymethy- 
lenecyclopentanone in an analogous manner gives a 29% yield of 1-cyclo- 
pentenecarboxaldehyde. 

Vonderwahl and Schinz (178) reported that when the 2-alkoxymethy- 
lenecyclohexanone is substituted in the beta position to the carbonyl the 
procedure of Seifert and Schinz yields a mixture of saturated and unsatu¬ 
rated aldehydes in which the saturated aldehyde is the major product. 



C 

CHO 

R' 

CXXXIV 


(7-94) 


When the reduction is carried out at —15 ° the dominant products are the 
isomeric unsaturared aldehydes. 


Reduction Temp. 

R 

Ri 

% CXXXIII + CXXXIV 

% CXXXIII 

% CXXXIV 

ol p 

-15 u 

CH, 

CHj 

52 

20 

55 25 

35° 

ch 3 

CH, 

72 

dominant 


35° 

ch 3 

H 

52 

dominant 



The LAH reduction of the enol ether of a /3-diketone followed by hy¬ 
drolysis yields an 0t,/9-unsaturated ketone. 



By this method the 5-isopropyl (CXXXV-.R = H,R t = CHfCHOa) (64%) 
(135), 5-methyl (CXXXV: R - H,R l - CH.) (49-92%) (180) and 5,5-di¬ 
methyl (CXXXVrR = R t = CH S ) (48%) (135) compounds have been con¬ 
vened to the 5-alkyl-2-cyclohexen-l-ones. Analogously, czs-5-ethoxy-8- 
methylhydrind-5-ene-7-one (CXXXVI) is reduced and hydrolyzed to czs-8- 
methylhydrind-6-ene-5-one (181). 
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Although inverse addition and excess ketone were originally proposed for 
the reduction of CXXXV (135), it has been found that normal addition 
gives a higher conversion. 

The LAH reduction of cis- and frans-l l 4-diketo-2-methoxy-10-methyl- 

A 2,6 -hexahydronaphthalene (CXXXVII) yields the corresponding 1,4-diol 
which on treatment with sulfuric acid in dioxane is converted to cis- and 
frdzis-l-hydroxy-2-keto-10-methyl-A 3 * 6 -hexahydronaphthalene f respectively. 



OH 




(7-97) 


The reduction of the frflns-A a -octahydronaphthalene analogue of CXXXVII 
yields the corresponding frans-l,4-diol which is hydrolyzed to the trans- 
bicyclic ketol (182,183). 

The LAH reduction of mms-CXXXVII yields a by-product, C u H 1# O ai 
m.p. 167-168 °, as well as CXXXVIII. The by-product is postulated as 
the glycol formed by initial 1,4-addition, ketonization, elimination and 
reduction (183). 
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Attempts to reduce 3-chloro-5,3-dimethyl-2-cyclohexen-l-one (CXXXIX) 
with LAH in ether have been reported to result in recovery of starting 
material (135). 



CXXXIX CXL 


The attempted reduction of dibenzoylacetylene (CXL) with ethereal 
LAH has given dark red resinous products which have not been further 
characterized (163). 

Various polycyclic ketones in which the carbonyl group is conjugated 
with an aromatic nucleus have been subjected to the reducing action of 
LAH, to yield in most cases the corresponding carbinol. 

Although l,4-diketo-l,2,3,4-tetrahydronaphthalene (CXLI) and its 2- 
methyl homologue exhibit few ketonic properties, and under most reaction 
conditions enolize and yield only naphthol derivatives, reductions with 
LAH and aluminum isopropoxide yield the corresponding 1,4-dihydroxy- 
naphthalenes (184). 



CXLI CXLII 


(7-99) 


The dihydroxy compounds (CXLII) are the only products isolated from the 
Grignard and Reformatsky reactions. 

Reduction of 1,4-acepleiadanedione (CXLIU) with LAH in an ether- 
benzene mixture gives, after a four hour reflux period, a mixture of iso¬ 
meric glycols, m.p. 208° and 149-130°. The former is obtained in 46% 
yield under these conditions while the Latter is favored by shorter reac¬ 
tion times and has been isolated in 31% yield from runs of one hour or 
less (183). 





(7-100) 


CXLIII 
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The two isomeric ketones, l-keto-2-methyI-l,2,2a,3,4,5-hexahydro- 
pyrene (CXLIV), in which the methyl group in position 2 and the hydrogen 
at 2a exist in cis and trans configurations, have been treated with LAH 
to yield isomeric carbinols. Although reduction forms a new asymmetric 
center and introduces the possibility of two stereoisomeric alcohols from 
each ketone, only one sterically homogeneous compound is formed from 
each ketone (186). 




(7-101) 


ketone A, colorless, m.p. 141-142° -* alcohol A, m.p. 188-189 c 

84% 

ketone B, yellow, m.p. 140-142* ^ alcohol B, m.p. 172-174* 

mixture ketones A and B — mixture alcohols A and B 

Clemo et al . reported that attempts to reduce 1,2,3,8-tetrahydro-l-keto- 
cyclopent[a]indene (CXLV) by the Meerwein-Ponndorf, Clemmensen or 
Wolff-Kishner methods as well as with LAH were not encouraging (187). 



CXLV 



Orchin and Reggel reported that the reduction of 3"keto-12c,l,2,3-tetra- 
hydrobenz[j]fluoranthene (CXLVI) with LAH gave a product which was 
dehydrogenated over palladium-on-charcoal. Chromatography gave small 
amounts of two products which were not identified but were shown not to 
be the aromatic hydrocarbon benz[j]fluoranthene (188). 

Hochscein obtained 9-fluorenol (CXLVIII) in 99% yield by the LAH re¬ 
duction of fluorenone (CXLVII) in ether (159). Wender, Greenfield, and 
Orchin (189) also obtained 9-fluorenol by the reduction of CXLVII 
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whereas 2-methyl-, 3-methyl- v and 2,7-dimethylfluorenone have been re¬ 
duced with ethereal LAH to the corresponding fluorenols (190). 

Bergmann and his co-workers (191) have carried out the LAH reduction 
of fluorenone (CXLVII) in dioxane and, upon hydrolysis of the reaction 
product, obtained fluorenol (CXLVIII), dibiphenyleneethane (CXLIX) and 
fluorene (CL). 



LAH 




+ 


CXLVII 


CXLVIII 


CXLIX 





Treatment of the reduction product with p-chlorobenzyl chloride gives 9- 
(p-chlorobenzyl)fluorene (CLI) and p^-di-fp-chlorobenzyljdibiphcnylene- 
ethane (CLII). 




CLII 


The passage of air into a dioxane solution of the reduction product gives 
upon hydrolysis fluorenol (CXLVIII) and dibiphenyleneethane (CXLIX). 
It has been postulated that the primary attack on fluorenone gives a lith¬ 
ium compound A which reacts according to one of the following schemes: 
rearrangement to B or hydrogenolysis to C and D by excess LAH. 
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CXLVII 

J“" 


l 



(7-103) 



The reaction of fluorenone with p-chlorobenzylmagnesium chloride 
yields 9-(f>-chlorobenzyl)fluorenol by 1,2-addition to the carbonyl group 

(191). 
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Julian et al. (98) reported that reduction of benzalanthrone (CLIII) with 
aluminum isopropoxide gives 9-hydroxy-10-benzylidene-9,10-dihydroan- 
thracene which on warming with dilute sulfuric acid rearranges to 9-(l- 
hydroxybenzyl)anrhracene. 



Treatment of CLIII with LAH gave a mixture of products which were not 
separated (98). Bergmann, Hirshberg, and Lavie (192) have carried out 
the LAH reduction of CLIII in dioxane and isolated anthraquinone as the 
only product. The same result is obtained when the reduction is carried 
out under nitrogen. 




(7-106) 


The reaction of CLIII with organomagnesium compounds similarly yields 
anthraquinone (193) as well as 1,2-addition products (194). 

The reduction of benzhydrylideneanthrone (CLIV) with LAH in dioxane 
yields a dimeric product, sym-tetraphenyl-bis-(9,10-dihydro-9-anthryl)- 
ethane (192). The reaction is postulated as proceeding by a 1,6-addition 
to yield a free radical which is stabilized by dimerization. Subsequent 
hydrogenolysis yields the dimeric oxygen-free product. 



7.2 


KETONES 


195 




The reaction berween CLIV and phenylmagnesium bromide yields the 1,2- 
addition product, 9-benzhydrylidene-10-phenyl-10-hydroxy-9,10-dihydro- 
anthracene (193). 




(7-108) 


The reduction of 2,3-diphenylindone (CLV) with LAH in dioxane yields 
2,3-diphenylindene (CLVI) as the principal product, accompanied by 2,3- 
diphenylhydrindone (CLVII), isolated as the 2,4-dinitrophenylhydrazone 
(191). 



LAH 




CL VI 


CL VII 


(7-109) 
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Organolithium compounds add to the carbonyl group in a normal 0t,j9- 
unsaturated ketone by 1,2-addition and organomagnesium compounds re¬ 
act by 1,4-addition to the conjugated system. With fulvenic ketones, such 
as CLV, organolithium compounds form addition products that on hydroly¬ 
sis yield the ketones corresponding to 1,4-addition. Thus, indenyllith- 
ium, fluorenyllithium, and cyclopenradienyllithium yield, by 1,4-addition, 
the corresponding 2,3-diphenyl-3-substituted-hydrindone. At the same 
time, contrary to the open-chain 0t,j9-unsaturated ketones, the fulvenic 
ketone reacts with Grignard reagents, such as indenylmagnesium halide, 
exclusively by 1,2-addition, to form tertiary alcohols. 



indenyl, 

fluorenyl, 

cyclopentadienyl 

(7-110) 


indenyl 


(7-111) 


Bergmann et al , (191) have indicated that fulvenic ketones do not con¬ 
tain an ionic carbonyl group. The inductive effect of the carbonyl causes 
a polarization of the conjugated double bond making the positive extrem¬ 
ity the point of attack for the negative alkyl ion of the organolithium com¬ 
pound. Infrared spectra indicate that in dibenzalacetone the carbonyl 
group in the form of a single ionic bond contributes to the actual struc¬ 
ture of the molecule, whereas the fulvenic ketones contain the carbonyl 
group in the form of a true double bond and the ionic structure does not 
make any significant contribution. The organolithium and Grignard reac¬ 
tions are explained by the fact that in the fulvenic ketones the effect of 
conjugation opposes the inductive effect of the carbonyl group, while in 
the ordinary conjugated ketones the two effects operate in the same 
direction. 

The LAH reduction of CLV to yield 2,3-diphenylindene (CLVI) is im¬ 
plied, by Bergmann et al m% as proceeding through the intermediates CLVIII 
and CLIX (191). 
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However, as discussed in Section 16.1, the course of the reaction may be 
due to the presence of a polarized double bond alpha to the carbonyl 
group, resulting in hydrogenolysis. Although the formation of 2,3-di- 
phenylhydrindone (CLVII) may be the result of 1,4-addition, the extreme 
polarization of the double bond resulting from the double bond character 
of the carbonyl group may have led to its direct reduction. A further pos¬ 
sible course leading to CLVI and CLVII may be postulated as follows: 



H H 
CLVI 
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Bergmann (191) reported that the addition of 2,3,4,5-tetraphenylcyclo- 
pentadienone (tetracyclone) (CLX) to LAH in boiling dioxane gives 
2 v 3 v 4 v 5-tetraphenylcyclopenran-l-one. The structure of the saturated 
ketone was assigned based on the ultraviolet and infrared absorption 
spectra. The reduction product, m.p. 161°, was reformulated as 2,3,4,5- 
tetraphenylcyclopenta-2-en-l-one (CLXI) in a later publication (193). The 
indenyl- and fluoreny I lithium compounds react with CLX by 1,4-addition 
to yield, after hydrolysis, 2,3,4,5-tetraphenyl-3-indenylcyclopent-4-en-l- 
one (CLXII) and the corresponding fluorenyl compound, respectively (191). 





(7-114) 


indenyl, fluorenyl 

(7-115) 


Becker, Spoerri, and their co-workers (196) carried out an extensive 
study of the reduction of tetracyclone (CLX). Repetition of Bergmann’s 
procedure, i.e. addition of tetracyclone to LAH in boiling dioxane, gave 
65% of 2,3 f 4,5-tetraphenylcyclopenta-2-en-l-one (CLXI) and 3% of 2 I 3,4,5- 
tecraphenylcyclopentadiene (CLXIII). The identity of CLXI was con¬ 
firmed by comparison of the absorption spectra and melting point with 
authentic material. The addition of tetracyclone to LAH in a refluxing 
1:1 dibutyl ether-dierhyl ether mixture gives 73% of CLXI and 12-17% of 
CLXIII while the inverse addition of LAH to tetracyclone at 0-10° gives 
an 81% yield of 2,3 l 4 l 5-tetraphenylcyclopenta-2 l 4-dien-l-ol (CLXIV). 
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c 6 h b 


CLXIV 


(7-116) 


(7-117) 


Becker, Spoerri, et al m proposed that Bergmann had not isolated any 
CLXIV presumably because inverse addition is required and in refluxing 
dioxane CLXIV would probably isomerize to CLXI. They further cited 
the work of Hochstein and Brown (13) relating to the change in the course 
of the reaction with the order of addition. 

The same considerations advanced in the reduction of 2,3-diphenylin- 
done are applicable to the reduction of tetracyclone. Polarization of the 
double bond may be responsible for the formation of the unsaturated ke¬ 
tone (CLXI) as well as for the hydrogenolysis product (CLXIII). The 
cyclic mechanism (CXVI) proposed for the reduction of open-chain 0t,/3- 
unsaturated ketones with LAH by 1,4-addition was considered by Becker 
et al m as not operative in tetracyclone since atoms 1,2,3,4 must lie in a 
plane. Applying the C—C distances for cyclopentadiene, the 1,4- 
distance is 3.5 A while the A1—H distance is 1.63 A. 


H—A1 



In addition to the fact that these dimensions appear to be too small to 
close the ring, the plane of the cycle would have to lie perpendicular to 
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Hochstein (139) reported that the reduction of perinaphthenone (CLXVII) 
with LAH in refluxing ether gives a 23% yield of perinaphthene (CLXVIII). 
Boekelheide and Larrabee (197) reported that the reaction proceeds with 
the evolution of hydrogen and gives 65% of perinaphthanone-7 (CLXVI), 
14% of perinaphthene (CLXVIII) and 12% of phenolic material. 



It was postulated that the initial reduction product (CLXIX) may undergo 
further reaction to give either perinaphthene (CLXVIII) or a second inter¬ 
mediate, CLXX. On hydrolysis CLXX would be converted to perinaphtha¬ 
none-7 (CLXVI) P a phenol or perinaphthenol, depending on the position 
on the perinaphthenyl nucleus taken by the incoming hydrogen. Addition 
of the hydrogen at the 7-position would give the enolic form of CLXVI, 
addition at the 9-position would yield perinaphthenol, and addition at any 
of the other possible positions would yield a phenol. 



(7-121) 



CLXX 


CLXVI 
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CHART TO TABLE XVI Continued) 



(continued) 











KETONES 


CHART TO TABLE XVI ( continued) 






208 


REDUCTION OF CARBONYL DERIVATIVES 


7.2 


References—Table XVI 

1 R. H. Thomson, J. Chem. Soc., 1950, 1737. 

a M. S. Kharasch and J. G. Burt, ]. Org. Chem., 16, 156 (1951). 

3 E. Boyland and D. Manson, ]. Chem, Soc., 1951 . 1837. 

4 R. Lukes and I. Ernest, Chem, l.isty, 46, 361 (1952); through M. Ferles and J. 

Rudinger, Chem, Listy, 47, 113 (1953). 
deduction in ether at 35 and — R0 , respectively. 

6 L. W. Trevoy and W. G. Brown, J, Am, Chem, Soc,, 71, 1675 (1949). 

7 G, R. Clemo, L. H» Groves, L. Munday, and G. A. Swan, J. Chem, Soc,, 1951, 

863- 

8 R. Huisgen and \V. Rapp, Chem, Qer,, 85, B26 (1952). 

4 F. A. llochstein, ], Am, Chem, Soc,, 71, 305 (1949). 
l0 I. lender, H. Greenfield, and M. Orchin, ibid,, 7.3, 2656 (1951). 

“Reduction carried out in dioxane. 

13 £. D. Bergmann, G. Berthier, D. Gins burg, Y. Hirshberg, I). La vie, S. Pinchas, 
B. Pullman, and A. Pullman, Hull, soc, chim, France, [ 5 ] 18, 661 (1951). 
l3 V. Boekelheide and C. E. Lanabee, J . Am. Chem, Soc,, 72, 1245 (1950). 

14 M. Mousseron, F. Winternitz, and G. Rouzier, CompL rend,, 235, 660 (1952). 

15 W. L. Mosby, J. Am, Chem, Soc., 74, 2564 (1952). 

16 K t D. Bergmann, G. Berthier, E. Fischer, Y. Hirsh berg, 1). Lavie, E. Loewen- 

thal, and B. Pullman, Bull. soc. chim. France, [ 5 I 19, 78 (1952). 

17 V. Boekelheide and C. E. Larrabee, ]. Am. Chem. Soc., 72, 1240 (1950). 
l, P. D. Gardner and W. J. Horton, ibid., 74. 657 (1952). 

19 F. £orm and J. Mleziva, Collection Czechoslov. Chem. Cvmmuns.. 14. 98 (1949). 
20 F, §orm, K. Veres and V. lierout, Chem. Listy. 46, 100 (1952), through M. 

Ferles and J. Rudinger, Chem. Listy. 47. 115 (1953). 

“Reduction carried out in benzene-ether mixture. 

"V. Boekelheide, W. E. Langeland, and Chu-Tsin Liu, J. Am. Chem. Soc., 73, 
2432 (1951). 

a, H. Dannenberg and H. Brachert, Chem. Ber., 84, 504 (1951). 

a4 G. M. Badger, W. Carruthers, and J. W. Cook, J. Chem. Soc., 1952. 4996. 

25 W. J. Horton and F. F. Walker, J. Am. Chem. Soc., 74, 758 (1952). 

26 M. S. Newman and R. Gaertner, ibid., 72, 264 (1950). 

a7 M. S. Newman and M. Wolf, ibid., 74, 3225 (1952). 

ai J. W. Cook, J. Jack, and J. D. Loudon, J. Chem. Soc., 1952, 607. 

aft M. Orchin and L. Reggel, J. Am. Chem. Soc., 73, 436 (1951). 

J0 P. L. Julian, W f . Cole, G. Diemer, and J. G. Schafer, ibid., 71, 2058 (1949). 

3 l E. D. Bergmann, Y. Hirshberg, and 13. Lavie, Bull, soc. chim. France, [ 5 ] 19, 
268 (1952). 

J2 C. Dufraisse, A. Etienne, and R. Bucourt, Comp, rend, 233, 1401 (1951). 
33 Carbinol not isolated but dehydrated and dehydrogenated over sulfur at 230- 
270° to yield 25% 2,9-dimethylpicene. 

>4 M. S. Newman and W, K. Qine, ]. Org. Chem., 16, 934 (1951). 



7.2 


KETONES 


209 


The formation of CLXVI may be indicative of the polarization of the 
double bond in CLXVII, analogous to the situation with tetracyclone and 
2,3-diphenylindone. The hydrogenolysis product, CLXVIII, would there¬ 
fore also be formed analogously. The hydrogenolysis reaction is dis¬ 
cussed in Section 16.1. 

The reaction of methyl magnesium iodide with CLXVII is analogous to 
the LAH reaction, yielding l-(or 6-) methylperinaphthene, methane and a 
compound having the correct analysis for a methylperinaphthenone (198). 

The reduction of various benzenoid polycyclic ketones in which the 
carbonyl group is conjugated with an aromatic nucleus is summarized in 
Table XVI. 

Mustafa and Hilmy (199) have shown that the reduction of zanthone 
(CLXXI) with LAH in ether yields xanthene. 


(7-122) 

CLXXI 



The LAH reduction of 3,4-benzoxanthone (CLXXII) and 1,2-ben zoxanthone 
(CLXIII) similarly yields the hydrogenolysis products, 3,4-benzoxanthene 
(85% yield) and 1,2-benzoxanthene (82% yield), respectively. This is 
discussed more fully in Section 16.1, 




CLXXII 


CLXXIII 


The reaction of CLXXII and CLXXIII with phenylmagnesium bromide 
yields the expected 1,2-addition products, 9-phenyl-3,4-(or 1,2-) benzo- 
xanthydrol. 

Mirza and Robinson reported that y-pyrones are reduced by LAH in tetra- 
hydrofuran to y-pyranols, which afford pyrylium salts on treatment with 
acids. Anthocyanidins are produced in this way from the appropriate fla- 
vones. Thus, kaempferol(3,5,7,4 / -tetrahydroxyflavone) (CLXXXIV: R = H) 
is convened in 32% yield to pelargondin chloride while quercicin (3,5,7, 
3 ,4'-pentahydroxyflavone) (CLXXIV: R = OH) yields 28% of cyanidin 
chloride (200,201). 
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The reaction is reported to proceed well with mechoxylated flavones and 
is stated to be applicable to the reduction of xanthones to xanthhydrols 
and thence to xanthylium salts (200). No details or examples of the re¬ 
duction of xanthones were given and it is therefore difficult to reconcile 
this statement with the results reported by Mustafa and Hilmy wherein 
hydrogenolysis products were formed by the reduction of xanthones. 

The reaction of 2,6-di-/erJ-butyl-/>-cresol (CLXXV) with /erf-butyl hy¬ 
droperoxide yields l-methyl-l-terf-butylperoxy-3,5-di-ferf-butylcyclohexa- 
dien-4-one (CLXXVI). The peroxy ketone is reduced to the starting 
phenol with LAH (202). 



Cook et al m reported that the reduction of tropolone (CLXXVII) with 
LAH in ether gives a product which resinifies on hydrolysis. Distillation 
of the tar gives a very small amount of liquid which readily gives a 
bis-2,4-dinitrophenylhydrazone. It is postulated that the product is cy- 
clohept-4-ene-l,2-dione produced by 1,4- or 1,6-addition of LAH to the 
dienone system of the initially formed lithium tropolone derivative 
(203,204). 
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(7-125) 


CL XXVII 

The LAH reduction of tropolone methyl ether (CLXXVIII) gives a sub¬ 
stantial yield of benzaldehyde, postulated as proceeding through aniono- 
tropy of the primary reduction product with concomitant Wagner-Meerwein 
rearrangement of the resulting 7-membered carbonium ion to the stable 
benzenoid ion (204). 



Several examples of the reduction of alicyclic ketones in which the 
ring is fused to an indole nucleus have been reported. In all cases, rhe 
corresponding hydroxy compound is formed. Thus, l-keto-l f 2,3,4-tetra- 
hydrocarbazole (CLXXIX) (205), 2-keto-l,2,3,4,5,6-hexahydrocyclooctin- 
dole (CLXXX) (206) and 5-keto-l,3,4,5-tetrahydrobenz[c,d]indole (CLXXXI) 
(207) are reduced to the corresponding carbinols. 



The reduction of CLXXXI with aluminum isopropoxide in isopropanol 
yields the isopropyl ether of the corresponding hydroxy compound (207). 
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The reduction of ketone groups which are part of the nucleus of a 
heterocyclic nitrogen compound presents a varied picture due to the oc¬ 
currence of hydrogenolysis, as discussed more fully in Section 16.1, 

The reduction of 4^010-1,2,3,4-tetrahydroquinoline (CLXXXII) with 
LAH is reported to yield 1,2,3,4-tetrahydroquinoline as a by-product. No 
indication of the major product was given (208), 


(7-127) 



CLXXXII 

The reduction of benz[a]acridin-12(7H)-one (CLXXXIII) with LAH in 
dioxane yields almost quantitatively an orange molecular .complex, 
C S4 H, 4 N a , m.p. 140°, composed of equimolar quantities of benz[a]acridine 
(CLXXXIV) and 7,12-dihydrobenz[a]acridine (CLXXXV) (209). 





CLXXXIII CLXXXIV CLXXXV 

(7-128) 


Treatment of l,2,6-trimethyl-4-pyridone (CLXXXVI) with LAH in ether 
results in no reduction, possibly due to the low solubility of the pyridone 
in ether. Catalytic hydrogenation over prereduced platinum oxide or 
palladium-on-charcoal similarly fails to reduce CLXXXVI. However, 
the following reduction methods yield 1,2,6-trimethyl-4-piperidinol (210); 




(7-129) 


CLXXXVI 
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Yield 

Sodium in liquid ammonia 

40% 

Raney nickel, 125°, 1500 p.s.i. 

85 

Nickel on silicon dioxide, 125°, 1500 p.s.i. 

B3 

Copper chromite, 140 , 1600 p.s.i. 

80 


Witkop and his co-workers have carried out the LAH reduction of a 
number of gem-disubstituted pseudoindoxyls and have observed the oc¬ 
currence of reduction, hydrogenolysis and rearrangement. Treatment of 
quinamine (CL XXXVII) with alcoholic alkali yields isoquinamine 
(CLXXXVIII) (211,212). 

CHjCHjOH 



N O 
H 

„N., 

< 


OH 


-¥ 



(7-130) 
CH =CH, 


CH CH a 


CLXXXVII 


CLXXXVIII 


The reaction of CLXXXVIII with LAH yields the reduction product, al- 
lodihydroisoquinamine (211), 



The reduction of 1-methyl-2,2-diphenyl-^-indoxyl (CLXXXIX) with LAH 
also yields a carbinol, l-methyl-2,2-diphenyl-3-hydroxyindoline (CXC) 
(213). 



The reduction of s£iro-[cyclopentane-l,2'-Y!r-indoxyl] (CXC1) yields 47% 
of the reduction product, Apzro-[cyclopentane-l,2'-dihydroindoxyl] (CXCII), 
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and 34% of the hydrogenolysis product, 5piro-[cyclopentane-l,2'-dihydro- 
indoie] (CXCIII) (214,215). 



CXCI CXCII CXCIII (7-133) 

The reduction of 2-methyl-2 p 3M2'-methylindyl]-i/r-indoxyl (CXCIV) yields 
23% of the hydrogenolysis product, 2-methyl-2 p 3'-[2'-methyIindyl)-2,3- 
dihydroindole (CXCV), and 42% of a rearrangement product, 2-methyl- 
3,3'-[2'-roethylindyl]indole (CXCVI) (216). 



^n 3 

H 

CXCIV 



H H 

CXCVI 


It has been postulated that the aluminum compound formed in the initial 
reaction acts like an acid, resulting in migration of the methyl-ketyl resi¬ 
due, which apparently possesses much greater migratory aptitude than the 
methyl group. The intermediates in the Wagner-Meerwein rearrangement 
are postulated as: 



CXCVII 
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The treatment of indole with dilute peracetic acid yields a trimeric con¬ 
densation product, 2,2-bis-[3 / -indyl]-^r-indoxyl (CXCVIII), in two different 
crystalline modifications, m.p. 204° and 245°. Both forms, on reduction 
with LAH, fail to yield the corresponding carbinol but, with the loss of 
water, give directly the rearranged compound, 2,3-di-[3'-indyl]indole 
(CXCIX) (216). 

H 



CXCVIH CXCIX (7-136) 

It has been concluded that gem-disubstituted ^-indozyls with two bulky 
substituents next to the carbonyl group, such as two indyl or phenyl 
groups or a quinuclidine and /8-hydroxyethyl chain as in the case of iso- 
quinamine, do not undergo hydrogenolysis but rather form carbinols that 
can either be isolated or, if the migrating group possesses unusually high 
migrational aptitude, undergo rearrangement directly in the process of re¬ 
duction (213). 

Attempts to reduce 7-methoxy-l-methylisatin (CC) with LAH in ether 
are reported (217) to give only a small quantity of a steam-volatile indole 
and an unidentified, non-volatile material which after passage through an 
alumina column yields prisms of m.p. 208-210°. 



CC 


7.2. l.j. Alkaloid ketones . In addition to those alkaloids, such as iso- 
quinamine, discussed in previous sections, various other alkaloid ketones 
have been reduced with LAH. 

Mirza reported that the alkaloid cryptopine (CCI), which is reduced 
with--difficulty due to steric hindrance, is readily reduced with LAH in an 
ether-benzene solution to dihydrocryptopine (218). 
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(7-137) 


Lycopodine, an alkaloid of unknown structure with the empirical for¬ 
mula C l6 H as NO, does not react with phenylmagnesium bromide but the 
presence of a carbonyl group has been shown by the formation of a hydra- 
zone, by conversion to a tertiary carbinol with phenyllithium and by re¬ 
duction of the keto group to an alcohol, dihydrolycopodine, C 16 Hj 7 NO, by 
LAH (219). 

Among the alkaloids isolated from Lycopodium annolinum L. have been 
annotin and annotinin. Annotin, C 16 H as N0 4 , m.p. 172-173 °, is a tertiary 
base which, similar to lycopodine, does not react with the Grignard re¬ 
agent. It does not form a hydrazone but reacts with LAH to form a base, 
CijHjjNOj, m.p. 162-163 the reaction being postulated as proceeding 
through the "addition of two hydrogens and splitting out of water." An¬ 
notinin, C^H^NOj, neither reacts with the Grignard reagent nor LAH 
( 220 ). 

7.2.l.k. Triterpenoid ketones . The LAH reduction of ketones to the 
corresponding hydroxy compounds has been utilized to a considerable ex¬ 
tent in the elucidation of the structure of various triterpenoids. 

The ability to reduce hindered ketones which are not attacked by the 
usual reagents is amply illustrated among the triterpenoids. Reduction 
of a keto group in the 2- or 8-positions yields a carbinol which is readily 
acetylated. However, reduction of the hindered ketone in the 11-position 
yields a carbinol which is not acetylated. Thus, LAH reduction of lano- 
stan-8,ll-dione (221) and lanostan-8,ll-dione-2-yl acetate (CCII) (222) 
yields the 8,11-diol and 2,8,11-triol, respectively. Acetylation of the re¬ 
duction products yields the 8-monoacetate and 2,8-diacetate, respectively. 
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Extensive work by both British (170,171,223) and Swiss (222,224) workers 
has resulted in the elucidation of the above structure for the lanostane 
skeleton. 

In addition to the 11-position, a ketone group in the 19-position is re¬ 
ducible with LAH but the resultant carbinol does not form an acetate 
(225,226). 



CJCIII (7-139) 


In contrast, in trisnorlupanoyl acetate (CCIV) the ketone group, which 
would correspond to the 19-position in CCIII, does not form carbonyl de¬ 
rivatives but is reduced with LAH to the carbinol which is readily acety- 
lated (227). 



CCIV (7-140) 


Barton and Holness (225) have pc’ :ed nut that the LAH reduction of a 
keto group which is not hindered Lte r y affords the equatorial hy- 

droxyl group whereas similar reduction eto groups which are subject 

to marked hindrance, e.g., C-ll and ~-19 the triterpenoid series, gives 
the polar hydroxyl group. 
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As pointed out earlier, the LAH reduction of lanost-9-en-8,ll-dione-2-yl 
acetate (CCV) is accompanied by 1,4-addition to yield a mixture of prod¬ 
ucts which on acetylation is separated into triacetoxylanostene, diace- 
toxylanostanol, and diacetoxylanostanone (170,171). 



It should be noted that acetylation of the saturated triol yields the diace¬ 
tate (CCVII) retaining the intact C-ll carbinol. On the other hand, acety¬ 
lation of the unsaturated triol yields the triacetate (CCVI). 

The LAH reduction of CL ,/8-unsaturated triterpene ketones is compli¬ 
cated by the instability of the allylic alcohol formed. In the reduction of 
lanosc-9-en-8-one-2-yI acetate (CCVIII) attempts to isolate the intermedi¬ 
ate diol result in dehydration yielding y-lanostadienol (170,228). 



The reduction of methyl 11-ketooleanolate acetate (CCIX) yields a triol 
which on refluxing two hours with acetic anhydride is convened to a 
diene diacetate (225). 
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Treatment of 2-acetoxynorolean-17-en-19-one (CCX) with LAH in ether 
yields a product whose melting point remains indefinite after repeated 
recrystallization. The reduction product is converted to norolean-16,18- 
dienol acetate (CCXI) after heating with an acetic anhydride-pyridine 
mixture (229). 



CCXI 


Acorone, a sesquiterpene with the empirical formula C lB H a4 O a , isolated 
from oil of sweet flag, is a saturated diketone in which one carbonyl 
group is apparently sterically protected since reaction with methylmag- 
nesium bromide yields a ketoalcohol, methylacorolone, C, a H„O a . Reduc- 


LAH Reduction of Tricerpene Ketones 


220 


REDUCTION OF CARBONYL DERIVATIVES 


7.2 


DOHiNN^^CNO^NPn^ Cv 

-h i-H HHMNNNNIN 


n H ri n « 

o --t O O r- 
cv oo m vo vo r-* cv cv 


vo 

CV 


p. 

■3 8 

Tl c " 

§ 5 
§■=& 
lu' 

c > 


s 

rvj 

a. 

E 

o°: 


O JT 

8 -= 

§ — 

fT.O 

60 f ? C 

w U 0> 

55 jr '*3 

» _L o 55 « 


H a 


j, j, o 

5* —. o o 53 X 

£ o c c h 0 

E u u u S -fi 

< o. l a ki Cm 

, 3 3 3 « 3 

J J JH U 


U .2 

- T3 
B ^ 

' u 

2 ®" 
N t 

c 
c 
u 
-a 


VI 

. o 

-i c 

Cu Cd 

u: j 


: cm 
: cv 


r- 

Cv 


a. 
_ E 
"o « 

•M m 

T3 O 

<* sr 

cv X 

o 

c^U 

rM , 

L -3 

5 * s 

a w 
c c 
cd ii 
V -o 

o J 

d g. 


f<V : 00 - pO O H ^ QD 
v0 ‘ h- : VO vO irv i—i 


°cc 

VO 


o 

2 ^ 
u . 

g 3 

*j » 
U rsj 

£ i 

-a c 
L ca 

3 4j 

2 M 

C o 

■S 8 

H i_! 


*. o’-S 

Uj * 
m dv cv 


4.2 

o s 


* 0 
p 4 • M 

”3 7 

•s *- 


•tf o 
0 


o - 
.1 c 

1 v ill 


O. s 


-- i: 

IX 


CM ''J 


£33 1 

Q CC 5 


*1 CC 

u - 

IN 

- L 

o c 


in —« 

l 7 

B C 
« « 


tfl U 0) QJ g J I/; tfj (A 

0 -.a s a g 2 2 8 

a o cb -2 « 01 « 

WZn-bJJJ 


s.2 

I-J -O 


■—« ■> >“H 

S3 X ~ 


I—I ^ mmS X ^ > >* 


3 4J 

8 g 
“ tJ 

& - 
"O 

■ ^ BJ 

U g 

« o 7 

ij a v u 

.2 v a a 

c * o o 

5 ^ C B 

<(j 2 | a a 

‘C W i 3 3 

J 


c c o 

U9 
X X X 
ft 5 ft 

u u u 


u 

c 

o 

B 

OJ 

Lm 

>4 

E 

a 


I S 
2 u 
8 g 

tt & 
3 Id 

J H 


u 

s 

s2 

e 3 . 

■g ? 
11 S 

N 2 
K 

M O 

o e 

if s 
C J 


CQ 

rsi 

L 

B 

O 

dv 


U 

B 

O L 

■3 -j 

=3 g 

S g 

-Q O 

S g 

iL § 

3 E 
W 


O 

■-E 

■3 A. 

A rsi* 

L l 
g g 


B B 
2 2 
V) to 
o o 

B B 

a cd 
J J 


v 

c 

o 

* 


B 

II ? 

« rH 

g L 
B 8 
.. ,p 3 "3 

u G 5 kM 

B S 0 
O K C 

U U y 

£ “ g 
7 3. S 
3-E^ 

- Jd . 

00 *- r>i 


1» 
g 

S '*3 

cd * 

ui 

« * 
— B 

>* U 

a o ^ 

g g ft 

£‘-3 2 
o « 9 

Mm Lm ^ 

IT 

8 ^ 8 
§• b < 
J.5A 


32f gl s 


c o 
s s 

u u 


c c o o o o 

O o N n e ■ 

HI M m HI » ♦ -. J. -- 

X X X X S S —XX 

S B o o h *4 >- n r» 

pi n n n n n *1 n 

uuuuuu uuu 


o o o 

ego 

J? J -fi* 



7.2 


KETONES 


221 


VONGDVOlACSOvOCSCS 

NfNHHNNMfnrjH 


m so 

PM pH 


o ^ oo o 
oo w\ o 


y 

"3 di 

rs ^ 

i h 

S 'u 

1- PM 


o 

■fi o 

-H '-3 


2 i“rrr 


* S 

“ 3 

(8 V 

If 

9 g 

j - 


PM PM 

L L 

c a 

5 S 

s s 

c e 

id a 
J hJ 


5>2x 

X X X X 


V 

g 

u A 

Si 
* 1 
g 8 
d\ "3 
L i 

m £ 
0 2 
9 ? 

ir 

S w 

2 w 
o < 

I s *. 

pm rM 


o 

=3 g 
Jl, g 

pH I 
■> pH 

00 I-H 

fa fa 

3 3 

m os 
o o 

g I 

S'If 

0 o 

w w 
V V 
U U 
< < 


**3. 

pi 

u 


o c 

PI V 
m m 

u u 


ON 

PM 


«J 

g 

’■3 

A 


■ o 

S'S 

V ' 

00 
o rM 

fr=! 

1% 

.2 s 

9 3 

S S 

in" O 


• m >H ► 

a si 
A A .2 
in in a 

ON G\ ' 

^ ** pH 

rM pm" m * 

* Jr? 
9 9 li 

VUG 
O O w 
O O 10 
01 01 O 

i db s 

“h J 


M M S ^ ^ 

X X X X X 
x x x x X 


V 

a w 

i| 

Si 

a j J 

I s ? 

g « 2 

g 8 $ 
8 .2 3 


u 2 
tS v 

2 u 
. u id 

3 i 

w M 
0/ * 

*1 
o od 
a d 
« a 

oi ti 

8 8 

W 4P 

V u 
J* 


>1 ?s 

■£ 4 

u V 
3E 2 


2*S 

& 6?1 

l# O M 
Ji S e 

J U 4J 
Cn U t» 
-h id u 

r 5 -S 

|“*9 

u r "t ® 
2 in" in* 


< 5 c? 


dc? 

5 2 » 5 

pi pi pi pi 

u u u u 



CHART TO TABLE XVII 



(continued) 
















226 


REDUCTION OF CARBONYL DERIVATIVES 


7.2 


References—Table XVII 

l G. S. Davy, E. R. 11. Jones and, T. G. Halsali, Rec. trav . chim., 69, 368 (1950). 

a Reduccion carried our in tetrahydrofuran. 

*G. S. Davy, T. G. Halsali, and F. R. 11. Jones, Chemistry and Industry, 1951 , 
233; J - Chem. Soc., 1951, 2696. 

4 G. S. Davy, T. G. Halsali, E. R, H. Jones, and G. D. Meakins, J. Chem. Soc. , 
1951, 2702. 

5 T. R. Ames, T. G. Halsali, and E. R. H. Jones, ibid., 1951, 4,50. 

*E. Roller, A. Hies tan d, P. Dietrich, and O. Jeger, Helv . Cbim. Acta, 33, 1050 
(1950). 

7 C. Vogel, O. Jeger, and L. Ruzicka, ibid., 35, 510 (1952). 

B D. H. R. Barton and T. Bruun, J. Chem. Soc., 1952, 1683* 

’Reduction carried out in ether-benzene mixture. 
x0 Isolaced as monoacetate. 

&1 E. Kyburz, M. V. Micovie, W. Voser, H. Heusser, O. Jeger, and L. Ruzicka, 
Helv. Chim. Acta , 3.5, 2073 (1952). 

ia T. R. Ames, G. S. Davy, T. G. Halsali, E. R. H. Jones, and G. D. Meakins, 
Chemistry and Industry, 1952, 443. 

1J Isolated after oxidation of reduction product with chromic oxide in glacial 
acetic acid. 

14 W. Voser, D. F. White, H. Heusser, O. Jeger, and L. Ruzicka, Helv. Chim, 
Acta, 35, 830 (1952). 

1B J. F. McGhie, M. K. Pradhan, and J.E. Cavalla, J. Chem. Soc., 1952, 3176. 

16 W. Voser, M. Montavon, H. H. Gun chard, O. Jeger, and L. Ruzicka, Helv. Chim , 
Acta, 33, 1B93 (1950). 

17 Isolaced as diacetate. 

la J. F. McGhie and J. F. Cavalla, Chemistry and Industry, 1950, 744. 
la J. F. Cavalla and J. F. McGhie, J. Chem. Soc., 1951, 834. 

ao W. Voser, H. 11. Giinchard, O. Jeger, and L. Ruzicka, Helv. Chim. Acta, 35, 
66 (1952). 

2& R. Bhuvanendram, W. Manson, and K. S. Spring, J. Chem. Soc., 1950, 3472. 

”D. H. R. Barton and C. J. Brooks, ibid., 1951, 257. 

”T. R. Ames, G. S. Davy, T. G. Halsali, and E.R.H.Jones, ibid., 1952, 2868. 
a4 R. Budziarek, J. D, Johnston, W. Manson, and F.S. Spring, ibid., 1951, 3019- 
a9 Isolaced as triacetate. 

a# J. F. Cavalla and J. F. McGhie, J. Chem. Soc., 1951, 744. 

a7 T. R. Ames, G. S. Davy, T. G. lialsall, E. R, H. Jones, and G. D. Meakins, 
Chemistry and Industry, 1951 > 741. 
at lsolated after refluxing reduction product with acetic anhydride. 
aa D. H. R. Barton and N. J. Koiness,/. Chem. Soc., 1952, 78. 

“D. H. R. Barton and N. J. Holness, Chemistry and Industry, 1951, 233- 



7.2 


KETONES 


227 


riot) of the dike tone with LAH yields acordiol, C ls H ai 0 2 , while reduction 
of mechylacorolone yields methyl acordiol, C 16 H S0 O a (230). 

The LAH reduction of various triterpenoid ketones is summarized in 
Table XVII. 

7.2.1.1. Steroidal ketones . The LAH reduction of steroidal ketones 
yields hydroxy derivatives whose spatial arrangement is dependent upon 
the configuration of neighboring groups. 

The reduction of various steroid ring A ketones, particularly 3-keto 
steroids, is summarized in Table XVIII. 

The LAH reduction of 3-ketosteroids with rhe 3-normal configuration 
(CCXII) yields the 30t-hydroxy compound as the principal product while 
3-allo isomers (CCXIII) yield 3^-hydroxy epimers. 




(7-145) 



LAH 


CCXIII 



(7-146) 


Shoppee and Summers (231) have reasoned that steric hindrance by the 
angular methyl group at C 10 arising from repulsion by the electrons of the 
three carbon-hydrogen bonds might impede frontal as compared with rear¬ 
ward attack by the aluminohydride ion on the 3-keto group. The produc¬ 
tion of cholestanol, the 3jS-epimer, as the principal product from the re¬ 
duction of cholestan-3-one is consistent with the lesser hindrance in the 
alio series. The predominant formation of epicoprostanol, the 3&-epimer, 
from the reduction of coprostan-3-one, is favored by the steric hindrance 
present in the normal series. 

Paddock (63) has postulated that in the transition state the carbon- 
oxygen bond will be converted to a single bond with two directions open 
to it, corresponding to the 0t- and ^-isomers. That configuration should 
be favored, whether ring A is the boat form (coprostan-3-one) or the chair 
form (cholestan-3-one), in which the carbon-oxygen bond is trans to at 
least one of the C 4 C a and C 4 C B bonds. Sparke (116) has stated that the 
orientation of the hydroxyl group is consistent with that predicted on the 
basis of the polar-equatorial bond concept whereby the hydroxyl group is 
usually obtained in the more thermodynamically stable equatorial form. 



TABLE XVIII 

LAH Reduction of Steroid Ring A Ketone: 
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Nace and O’Connor (232) postulated that in the reduction of cholestan- 
3-one (CCXIII) to cholestan-3Ot-ol and cholestan-3/?-ol, there is more 
hindrance on the rear (a) side of the molecule than on the frontal (/3) 
side, mainly due to the 5-hydrogen. 



CCXIII (7-147) 

Therefore, as the size of the reducing group is increased attack on the 
unhindered (/9) side would be favored, resulting in a higher percentage of 
the (X-epimer. This hypothesis was examined by carrying out a number of 
reductions with LAH and various aluminum alkoxides. The yield of 0C- 
cholcstanol increased from 12% with LAH to 28% for aluminum isopropox- 
ide, 35% for the aluminum salt of diethyl carbinol, 45% for the aluminum 
salt of diisopropyl carbinol and 55% for the aluminum salt of di-J-butyl 
carbinol. The Ot-cholestanol, whose formation is favored by the hin¬ 
drance, is not produced in greater quantity than the /3-isomer because the 
CX-producing transition states may rearrange to produce the more favora¬ 
ble ^-producing transition states since the /3-isomer is the more stable 
form. With inverse addition, the LAH reduction of CCXIII gives an in¬ 
creased yield of the Ol-epimer (233). 

Catalytic hydrogenation of coprostan-3-one over platinum oxide in an 
ether-alcohol solution at room temperature, proceeds analogously to the 
LAH reduction, yielding epzcoprostanol, the 3<X-epimer, accompanied by 
less than 5% of the /3-epimer (234). A slightly increased yield of the 
/3-epimer is obtained by the inverse addition of LAH (233) as compared 
to the normal procedure (231). 

The LAH reduction of 4/3,5-oxidocoprostan-3-one (CCXIV) yields 71% 
of the 301,5-diol and 26% of the 3/3,5-diol (235,236). Here the /3-oxide, 
analogous to the 5 - normal hydrogen, favors the 30t-epimer as the pre¬ 
dominant product. 



CCXIV (7-148) 

The reduction of 6/3-acetoxy-5/3-methyl-19-norcoprosta-9(10),ll-dien- 
3-one (CCXV) is reported to yield the 3/3,6/5-diol, isolated in 27% yield 
as the diacetate (237). 
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The decreased steric hindrance due to the absence of the angular C 10 - 
methyl group is apparently of greater influence than the 5jft-methyl group 
resulting in the formation of the 3/3-epimer. 

The LAH reduction of cholest-5-en-3-one (CCXVI) yields 90% of the 
3^-epimer, cholesterol, and less than 5% of epi cholesterol (231,238). 



CCXVI (7-150) 

Shoppee and Summers (231) point out that che presence of the double bond 
at the bridgehead ensures that the lower portions of rings A and B are 
essentially flat. Therefore, nucleophilic attack on the 3-keto group should 
form the a and fi epimers in equal quantities. However, the steric hin¬ 
drance by the angular methyl group may impede frontal attack and favor 
the formation of the 3^-epimer. Paddock (63) has postulated that since 
the j8-form yields a transition state in which the carbon-oxygen bond is 
most nearly trans to C t C a and C^C 5 it should be the predominant form, as 
is experimentally verified. 



The reduction of cholest-5-en-3-one can generally be carried out with¬ 
out alteration of the double bond only in neutral media, since this com¬ 
pound is readily isomerized to cholest-4-en-3-one. Partial catalytic hy¬ 
drogenation with Raney nickel yields considerable quantities of epicho- 
lestrol (239). 

McKennis and Gaffney (240) reported that the LAH reduction of cholest- 
4-en-3-one (CCXVII) gives a quantitative yield of a mixture of equal parts 
of the 3a- and 3/3-diastereoisomers, epi alloc hole sterol and allocholes- 
terol, respectively. 
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The mixture of epimers is obtained even in the presence of a fivefold ex¬ 
cess of LAH. 

Plattner et al m reported that the LAH reduction of CCXVII gives a 56% 
yield of allocholestero] and a 25% yield of an addition compound con¬ 
taining a 1:1 ratio of allocholesrerol and e^zallocholesterol (236). In 
additional work, the reduction mixture of Ot- and /3-epimers was treated 
with phthalic monoperacid and the crude mixture of oxides was acety- 
lated to yield 49% of the 3^-acetoxy-4,5-oxide and 11% of the 30C-acetoxy- 
4,5-oxide (241). Dauben, Micheli, and Eastham (233) found that in the 
LAH reduction of CCXVII either normal or inverse addition gives a 70- 
72% yield of the 3^-ol. 

The reaction between cholest-4-en-3-one (CCXVII) and methylmag- 
nesium iodide yields a molecular compound of 3&-nieihylcholest-4-en- 
3/3-oJ and 3^-methylcholest-4-en-30t-ol, analogous to the addition com¬ 
pound formed by reduction with LAH (242). 

The 3^-hydroxy derivative is reported as the product of the LAH re¬ 
duction of 17,17a(X-oxido-17aj8-merhyl-P-homoandro5t-4-en-3-one (CCXVIII) 
(243), l6,17a-oxidoandrost-4-en-3-one (CCXIX) (244) and androst-4-en- 
3-one-170t-ol (17-epitestosterone) (CCXX) (244). 





Heusser et al m (244) point out that as in the cholestene series it is pos¬ 
sible that the androstenediol contains an addition compound between the 
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4-en-30C- and 4-en-3/S-ol forms. In addition, the crude reduction mixture 
may contain the epimeric androst-4-en-30C,170C-diol which could not be 
obtained in crystalline form. 

The LAH reduction of cholesta-4,6-dien-3-one (CCXXI) yields the 3/3-ol 
in 93% yield (245)- The reduction of 22-isospirosta-4,6-dien-3-one yields 
75% of the 3/3-ol (246). In contrast, reduction of CCXXI with aluminum 
isopropoxide yields equimolar amounts of the 30t- and 3jS-isomerides as 
an addition complex (247). 




(7-152) 


The LAH reduction of the enol acetates of 3-keto steroids yields the 
3a- and 3^-ols in a different ratio from that obtained with the free ke¬ 
tones. The enol acetates of cholestanone (CCXXII) and coprostanone 
(CCXXIII) yield 3 to 4 times as much epzcholestanol (a-epimer) and cop- 
rostanol (jS-epimer), respectively, with normal or inverse addition of LAH, 
as in the reduction of the ketone. The parent ketone is present in the 
reduction mixture from the enol acetates (233). 



H H 
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The enol acetate of cholest-4-en-3-one, 3-acetoxycholesta-3,5-diene 
(CCXXIV), is reduced with LAH to cholest-4-en-3-one and a mixture of 
cholest-5-en-3jS-ol (cholesterol) and 3(X-ol (epicholesterol) and small 
amounts of cholest-4-en-30C- and 3jS-ols (248). 



The LAH reduction of the enol acetates is discussed more fully in Sec¬ 
tion 9.3. 

The LAH reduction of steroid ring B ketones, i.e., 6- and 7-keto 
steroids, is summarized in Table XIX. 

The reduction of 3-subsrituted cholesran-6-ones (CCXXV) with LAH 
yields the corresponding cholescan-6^-ol as the predominant or only 
product (249). 



(7-156) 


R » H, a-OH, /8-0H ? a-Br, 0-Br, a-Cl, j8-I 


Similarly, cholestan-3,6-dione, 2CX,30C-oxidocholestan*6-one and cholest- 
2-en-6-one are reduced to the corresponding 6/3-ols. In contrast, reduc¬ 
tion with sodium in ethanol converts cholestan-6-one (CCXXVJ) to the 
6a-oI derivative. 



(7-157) 


ccxyvt 
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Catalytic hydrogenation of cholestan-6-one over platinum oxide in meth¬ 
anol yields cholestan-6/3-ol. While the reduction of cholest-2-en-6-one 
with LAH and sodium in ethanol yields cholest-2-en-6/3- and 6(X-ol, re¬ 
spectively, catalytic hydrogenation over palladium in acetic acid yields 
cholestan-6-one. 

The LAH reduction of 3/^-acetoxyergosta-7,22-dien-50t-ol-6-one 
(CCXXVII) yields cerevisterol, the 3^, 5Ot, 6/8-criol (250). 




(7-158) 


Ellis and Petrow (237) have reported that the LAH reduction of 5/8- 
methyl-19-norcoprosta-l(10) I 8(9)-dien-3,6-dione (CCXXVIII) and the 
l»9(10)-diene (CCXXIX) yields a non-crystalline mixture of diols which 
fail to crystallize before or after acetylation followed by chromatography. 



In a preliminary communication Wagner and Wallis reported that the 
LAH reduction of i-cholestan-6-one (CCXXX) gives e/>z-z-cholestan-6-ol 
(CCXXX), with no trace of z-cholestan-6-ol (251). 




(7-159) 


In a more detailed report (252) Wagner et aL described the preparation of 
epz-r-androsran-6,17j3-diol and epi-z-androstan-6-ol as well as epz-z-chole- 
stan-6-ol by the LAH reduction of i-androstan-6,17-dione, i-androstan-6- 
one and z-cholestan-6-one, respectively. On the basis of a rate study of 
the rearrangement of f-cholestan-6-ol and epi-i-choIestan-6-oI to isomeric 
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3,5,6-tribromocholestanes by the action of a 1% ethereal solution of bro¬ 
mine, the solubility properties of the epimeric 3,5-cyclodiols and the di¬ 
electric constants of the epimeric diol-diacetates v a 6(X-configuration was 
assigned to the z-sterols and a 6/3-configuration to the epz-z-sterols. 
Hence the e^i-z-sterols obtained by the LAH reduction of the 3,5-cyclo- 
stan-6-ones are assigned the 3,5-cyclostan-6/3-o 1 structure. 

Shoppee and Summers (253) reported that the LAH reduction of z-chole- 
stan-6-one (CCXXX) gives 10% of z-cholestan-6-ol, 34% of epz-i-cholestan- 
6-ol and a considerable quantity of uncrystal]izable oil. In order to as¬ 
sign configurations to the epimeric 6-ols they were converted to the cor¬ 
responding cholestan-6-ols. The 6/3-ol was synthesized by a number of 
independent methods as summarized in Flow Sheet I. These transforma¬ 
tions and the agreement shown between the observed molecular rotations 
and those calculated for the epimeric cholestan-6-ols led to the proposal 
that z-cholestanol is 3,5-cyclocholestan-6/S-ol. Therefore the major prod¬ 
uct of the LAH reduction, the epz-/-cholestan-6-ol, is assigned the 3,5- 
cyclocholestan- 60 t-ol structure. 

There appears to be little question that the predominant product of the 
LAH reduction of z-cholescan-6-one is the epz-z-ehoIestan-6-oI. However, 
the conflicting assignments of the configuration of the 6-ol can only be 
resolved by an evaluation of the evidence presented in support of the 
postulated structure. Similar considerations pertain to the structures of 
the epz-z-androstan-6-ols obtained by the LAH reduction of the z-androstan- 
6-ones. 

Fieser et al. reported that the LAH reduction of 7-ketocholestanyl ace¬ 
tate (CCXXXII) gives a mixture of cholestan-3/3,70C-diol and 3j8,7/3-diol 
containing a slight excess of the 3/5,7/S-diol (254,255). 



(7-160) 


Djerassi and his co-workers (256) reported that the LAH reduction of 
3/}-acetoxy-90t 9 ll0t-oxido-22-isoallospirostan-7-one (CCXXXIII) gives a 
78% yield of a 3jS,7-diol in which the 7^-configuration has been postulated. 



FLOW SHFF.T I 

STRUCTURE PROOF OF i-CHOLF-STANOL AND epi-i-CHOLESTANOL (253) 
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CCXXXIII 


The' LAH reduction of 7-ketocholesteryl acetate and 7-ketostigmasteryl 
acetate (CCXXXIV) yields approximately 60 % of the 7/?-hydroxy and 5% 
of the 701-hydroxy epimers (254). 



(7-162) 


The 7/S-ol is also the principal product of the reduction of 7-ketocholes- 
teryl acetate with aluminum isopropoxide, although the yield is reported 
as less than 30% (257,258). 

Mixtures of the 7a- and 7/9-ols are reported from the LAH reduction of 
7-ketocholesterol f 7-ketostigmasterol and 7-ketositosterol. The reduction 
of 3-acetoxy-A fl -22-isospirosten-7-one quantitatively yields the 3/3,7-diol 
postulated as the 3/3,7/8-diol (259). 

The reduction of '^^-diketochoJestene" (CCXXXV) with LAH in ether 
yields an unidentified non-ketonic gum while reduction with LAH in tetra- 
hydrofuran yields a ketonic gum (260). The structure of the M 3,7-dike- 
tocholestene" is actually that of an enol ketone and can be represented 
as either of the two forms. 
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The LAH reduction of 3-methoxycholesta-3,5-dien-7-one (CCXXXVI), 
followed by the hydrolysis of the reduction mixture with aqueous tartaric 
acid, yields 60 % of cholesta-4 v 6-dien-3-one. The initial product of the 
reduction is probably a mixture of the two epimeric 7-ols. As a result of 
the hydrolysis anionotropic rearrangement takes place to position 3 fol¬ 
lowed by the loss of methanol to give the dienone (260). 



The LAH reduction of steroid ring C ketones, i.e., 11- and 12-keto 
steroids, is summarized in Table XX. 

The carbonyl group at C u is resistant to catalytic hydrogenation in 
neutral medium but is reduced to the 11/3-hydroxy steroid over platinum 
in acetic acid solution. Reduction with LAH also yields exclusively the 
hindered ll/9-ol (261). 



CCXXXVII 


(7-164) 


The stereospecific course of the reduction is indicative of attack from 
the rear to open the rear member of the double bond. Fieser (262) has 
pointed out that at position 11 both the extra and intraradial effects op¬ 
erate to make the rear side (a) the more accessible to attack. The pres¬ 
ence of a 12/3-hydroxy group does not affect the stereochemical course of 
the reaction (263). Reduction of the 11-keto group with sodium in propa¬ 
nol yields the llOC-hydroxy derivative which is readily acetylatable in 
contrast to the ll/3-ol (264). 
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(7-165) 


The LAH reduction of 12-keto steroids yields a 12-hydroxy derivative 
which, in the case of the reduction of hecogenin (CCXXXIX), has been 
shown to be a mixture of C la -epimeric diols (265). 



H 

CCXXXIX 



In only one case has the reduction of a 12-keto steroid with CX f j8- 
unsaturation been reported (263). However, the configuration of the re¬ 
sultant 12-ol has not been demonstrated. 
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LAH 


CCXL (7-167) 

The LAH reduction of various steroid ring D ketones, i.e., 16- and 
17-keto steroids, is summarized in Table XXL 
The reduction of rruws-16-equilenone (CCXLI) yields a 16-hydroxy- 
frans-equilenane, m.p, 183.5-184.5°. 

..OH 

(7-168) 


CCXLI 

The reduction of l4 t 15-dehydro-l6-equilenone (CCXLII) yields l6-hydroxy- 
14,15-dehydroequilenane (CCXLIII), which is catalytically reduced over 
palladium-on-charcoal to an isomeric 16-hydroxy-fraws-equilenane, m.p. 

123.5 °-124° (266). 

.OH 

lf 2 : Pd-C 


CCXLII CCXLIII 


(7-169) 


The 16-keto steroids apparently give essentially a single stereoisomeric 
alcohol with LAH but with the favored configuration reversed by the pres¬ 
ence of a. 14,15-double bond. 

The LAH reduction of 3^»26-diacetoxycholest-4-en-l6,22-dione 
(CCXLIV) yields the corresponding 3/3,16,22,26-tetroI. The reduction of 
3/?,26-diacetoxycholesta-5,17(20)-dien-16 l 22-dione (CCXLV) similarly 
yields the corresponding tetrol. Since hydrogenation of the 17(20)-bond 
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was not carried out and no configuration was assigned to the 16-ol v it is 
not possible to determine whether the 17(20)-double bond affects the re¬ 
duction of the 16-one (267). 



AcO CHf^XHjOAc 

CCXLV 


The LAH reduction of 22,26-oxidocholest-17(20)-en-3/J 1 22-diol-l6-one 
(CCXLVI) yields 22-isoallospirost-17(2O)-en-30-oI (CCXLVII) (268). The 
analogous cholesta-5,17(20)-diene similarly yields 22-isospirosta-5,17(20)- 
dien-3/3-ol (267). The expected initial products, 22,26-oxidocholest- 
17(20)-en- and 5,17(20)-dien-3^,l6,22-triol, respectively, apparently de¬ 
hydrate very readily. 



H 

CCXLVI 



(7-170) 


The LAH reduction of 17-ketosteroids with the normal configuration at 
affords largely or exclusively the ^-oriented empimeride. 




TABLE XXI 

LAII Reduction of Steroid Ring D Ketones 
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LAH 


(7-171) 


CCXLVIII 

Apparently the attack of the aluminohydride ion proceeds more readily 
from the (X or rear face to preferentially open the rear member of the double 
bond (262,269). The rule of rear attack at C 17 applies to a wide variety 
of reagents wherein products are formed in which the hydroxyl group is 
oriented to the front (/3-OH). Thus, in addition to LAH reduction, hydro¬ 
genation, the addition of Grignard reagents and the addition of potassium 
acetylide yield the 17/3-ol (262,270,271). It is of interest to note that in 
the reaction of 17-ketosteroids with the ethyl Grignard reagent the 17CX- 
erhyl-17^?-ol is accompanied by the 17/3-ol arising from direct reduction 
of the 17-keto group. With n-propylmagnesium iodide reduction of the 
carbonyl group is the main reaction, while the methyl and allyl Grignard 
reagents yield the 17(X-alkyM7/3-ol (271). 

Ott and Murray reported that the LAH reduction of estrone 
(CCXLIX:R - H) affords natural estradiol in excellent yield (272). 



O OH 



CCXLIX 


Although the product is the so-called Ot-estradiol its production in the 
LAH reduction is indicative of the Up configuration. The same product, 
estradiol-170, is obtained by the LAH reduction of estrone esters 
(R = CH,CO, CHjCHjCO, (CH 3 ) 3 CCO) while the dehydroestradiol-170 
containing ring B unsaturation is obtained from the corresponding de¬ 
hydroestrone and its esters. In contrast, the reduction of estrone and its 
esters with aluminum isopropoxide yields a mixture of the 170C- and 17$- 
epimers (272) while catalytic hydrogenation over a nickel-aluminum alloy 
yields a mixture in which the 17^-isomer is the predominant form (274). 

Bachmann and Dreiding (275) reported that although attempts to reduce 
cf-equilenin with LAH in refluxing ether resulted in the recovery of the 
starting material, the reduction of ^-equilenin methyl ether (CCL) gives 
the methyl ether of the so-called Ot-dihydroequilenin which actually con¬ 
tains the 17-hydroxyl group in the ^-configuration (276). 
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OH 



The 17j3-oI is also obtained by catalytic hydrogenation and is the pre¬ 
dominant product in aluminum isopropoxide reduction. The LAH reduc¬ 
tion of equilenin acetate analogously yields 17-dihydroequilenin-17j8 
(277). 

The LAH reduction of equilin (CCLI) is reported to yield a-dihydro- 
equilin which should contain the 17/3-hydroxy group (278). 



The reduction of CCLI with aluminum isopropoxide yields a mixture of 
the 17a- and 17/8-epimers. 

The LAH reduction of the 3-enol ethers of androst-4-en-3 f 17-dione 
(CCLII) yields the 3-enol ethers of androst-4-en-17/3-ol-3-one which can 
be hydrolyzed with dilute mineral acids to testosterone. 
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Testosterone acyl esters are readily produced by the following scheme, 
starting with dehydroepiandrosterone (CCLIII) (279). 




lah 



(7-176) 


OCOR 



The inverse addition of one-quarter mole of LAH to dehydroepiandro¬ 
sterone acetate (CCL1V), followed by the benzoylation of the crude re¬ 
duction product is reported to yield 80% of 3/3-acetoxy-17jB»benzoxy-5- 
androstene (280). 
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In the only reported LAH reduction of a 17-ketosteroid containing the 
epimeric structure at position 14, the reduction of 9-dehydro-14-isoestrone 
(CCLV) yielded j8-9-dehydro-14-isoestradiol (CCLVI) (281)- Although no 
configuration was assigned to the 17-hydroxy group, in view of the find¬ 
ings relative to the configuration of the 17-ol group in and l, j9 M - 

estrone, equilin and equilenin, it is likely that the /3-CCLVI actually 
contains a 17(X-hydroxy group. This would be analogous to the formation 
of different epimerides by the LAH reduction of 3-ketosteroids of the 
normal or alio series. 




(7-178) 


The LAH reduction of various steroid side chain ketones is summarized 
in Table XXII. 

The reduction of 20-ketosteroids may be stereospecific to yield the 
20/3-oL However, in many cases a mixture of epimers is formed. The 
epimeric mixture may contain equivalent amounts of the 20CX- and 20/3- 
hydroxy compounds although in most cases the 20/3-ol is the predominant 
form. 
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CHjR 

LAH J 


CH.R 

I 

HOH 


I 


(7-179) 


CCLVII 


The effect of Ot,0-unsaturation, e.g., A I6(l7) -20-ketosteroids, has not been 
ascertained since the configuration of the 20-hydroxy group was not 
proved in the only two cases recorded. 

The LAH reduction of various 22- and 24-ketosteroids has given the 
corresponding hydroxy compounds, usually in the form of epimeric 
mixtures. 

Heer and Miescher have reported that a permanganate oxidation of 
3/3,21-diacetoxy-20-cyanopregna-5,17-diene (C a6 H„N0 4 ) and 3/3,21-diace- 
toxy-5,6-dibromo-20-cyano-17-pregnene (C a6 H 3S Br a N0 4 ) yields, among other 
products, a ketol diacetate, C 2S H 36 0 6f m.p. 172-174°, which is possibly 
a hydrochrysene derivative. Reduction of the ketol diacetate with LAH 
followed by acetylation yields a tetrol triacetate, C 27 H 40 O 7 , m.p. 175°, 
indicating reduction of the ketone to a carbinol. Catalytic hydrogenation 
of the ketol diacetate in alcohol over platinum oxide yields a tetrol di¬ 
acetate which on acetylation yields the same tetrol triacetate, m.p. 175°, 
obtained by acetylation of the LAH reduction product (282). 

7.2. l.m. Protection of the keto group . Where the retention of a car¬ 
bonyl group is desired, it can be converted to a form which is not at¬ 
tacked by LAH and then regenerated by appropriate means. By the same 
means other functional groups can be reduced while the highly reactive 
ketone group remains intact. Thus, cyclic ketals are formed by reaction 
with ethylene glycol in the presence of an acid such as p-toluenesulfonic 
acid and can readily be transformed to the ketone. 


C= 0 

I 

(CH,) n 

CHCOOCjH, 


—CH 4 | /0—CH, 

— CH » LAH JJ°— CH > He! 0 " 


f 

(CH a ) n 

CHCOOCjH, 


(CH a ) n 

CHCH.OH 


c =0 

(CH a ) n 

CHCH.0H 


CCLVIII 


(7-180) 


Among the ketosteroids, selective protection is possible. Reaction of an 
unconjugated steroidal carbonyl group such as a 3-, 17-, or 20-keto group 
with ethylene glycol yields the corresponding ethylene ketal. However, 
the 11-keto group is not attacked and can subsequently be reduced with 
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LAH. In the case of a A 4 -3-ketosteroid the reaction with ethylene glycol 
proceeds with rearrangement of the ^4,5 double bond to afford a A"-steroid 

(283) . The influence of steric factors in ketal formation is seen in the 
report that desoxycorticosterone acetate (CCLIX) reacts with ethylene 
glycol to form a monoketal while progesterone (CCLX) yields a diketal 

(284) . 



In contrast to the reaction with ethylene glycol, the reaction of a A 4 -3- 
ketosteroid with ethanedithiol and zinc chloride yields the A 4 -3-keto- 
ethylene thioketal (283). 




CCLXI 


(7-183) 


The selective protection of an isolated carbonyl group in the presence of 
a A 4 -3-keto group can be achieved using /3-mercaptoethanol and zinc 
chloride (285). 
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The treatment of a A 4 -3,17-dione with /9-mercaptoethanol in the presence 
of pyridine hydrochloride yields the 3-(/3-hydroxyethyl)thioenol ether 
which is resistant to LAH attack (286). 



The 11-keto group is not attacked by j9-mercaptoethanol. In contrast to 
the sequence in equation (7-184), the reaction of a A 4 -3,17- or 3,20-dione 
with benzyl mercaptan in the presence of zinc chloride yields a 3-benzyl- 
thioenol ether, the isolated keto group remaining untouched and reducible 
with LAH (286). 
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(7-186) 

The reaction of a A*-3-ketosteroid with ethyl orchoformate yields the 
enol ether which is resistant to attack by LAH (287). 



(7-187) 


The 3-benzylenol ether and the 3-cyclohexylenol ether have been utilized 
as well as the 3-ethylenol ether. The treatment of 301-acetoxypregnane- 
11,20-dione (CCLXVI) with ethyl orthoformate in absolute ethanol with 
one drop of concentrated sulfuric acid followed by heating in a xylene 
solution yields a mixture of A 17,ao - and A awi -enol ethers. Reduction of 
the mixture with LAH followed by mild acid hydrolysis gives the 30t f 11/3- 
diol-20-one (288). 
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The treatment of a non-steroidal ketone with ethyl orthoformate yields 
the corresponding diethyl ketal which is resistant to LAH but regenerates 
the ketone (289)- 



| yOC 2 H s 

c< 

| 'OCjH, 

(9 H a)n 


LAH 


| /OC,H s 

I N oc a Hj 

(CH a )„ 


c —o 

I 

(CH 2 )„ (7-189) 


COOCjH, COOC 2 H, CH a OH CH a OH 

CCLXVII 


7.2.l.n Oxidation . A recent patent (290) has described a process for 
oxidizing steroid alcohols with the use of LAH. The process is similar 
to the Oppenauer oxidation with aluminum alkoxides and involves the for¬ 
mation of a "lithium aluminum organic radical complex 1 ’ by the reaction 
of LAH with an alcohol, aldehyde, ketone, amine, etc. The steroid al¬ 
cohol, containing a hydroxyl group capable of oxidation to a ketone, is 
subjected to the action of a hydrogen acceptor containing a keto or aide- 
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hyde group in the presence of the ''lithium aluminum organic radical com¬ 
plex." The following combinations of ketones have been used in the for¬ 
mation of the complex and as hydrogen acceptors. 


Complexing agents 

acetone 

2- butanone 

3- pentanone 
cyclohexanone 
eye lopentanone 


Hydrogen acceptors 

cyclohexanone 
2-butanone 
eye lope nr a none 
cyclohexanone 
acetone 


This oxidation reaction is discussed more fully in Section 16.2. 

7.2.2 Reductions with Aluminum Hydride 

The aluminum hydride-aluminum chloride addition compound (AlHjCl + 
AlHCl a ) has been utilized in the reduction of 2-butanone to 2-butanol in 
67% yield. However, benzophenone is reported to resist reduction (38). 

7.2.3 Reductions with Magnesium Alnminum Hydride 

The only reported reduction of a ketone with magnesium aluminum hy¬ 
dride involves the reduction of acetone in ethereal solution to 2-propanol 
in B4% yield (39,40,291). 

7.2.4 Reductions with Sodium Borohydride 

The reduction of various ketones has been carried out with sodium 
borohydride in order to selectively reduce the carbonyl group in the pres¬ 
ence of other reactive functional groups or where ether-insolubility made 
LAH reduction impractical. 

7.2.4.a Non-steroidal ketones . Schlesinger el al . (292) have proposed 
the following scheme in the reduction of acetone. 

4 CH,COCHj + NaBH 4 -» NaB[OCH(CM,),] 4 4 (CH,) a CH01I 

(7-190) 

The ketone group has been reduced in the presence of halogen, nitro, 
nitrile, amide, ester and carboxylic acid groups, as summarized in Table 
XXIII for non-steroidal ketones. 

In the reduction of l,l,l-trifluoro-3-bromo-2-propanone with sodium 
borohydride the yield is only about half that obtained with LAH due to 
the probable formation of a stable hydrate or hemiacetal in the presence 
of water or alcohol, respectively, reducing the concentration of free car¬ 
bonyl groups (293). 

Chaikin and Brown reported that on treatment of pyruvic acid (CCLXVIII) 
with sodium borohydride reduction occurred but boron-free products were 
not isolated. In addition, attempted reduction of acetylacetone (CCLXIX) 
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gave a 63% yield of isopropyl alcohol as a result of cleavage prior to or 
during reduction (42). 

CHjCOCOOH CH 3 COCH 2 COCH s 

CC LX VIII CCLXIX 

It has been reported that no difficulty is encountered in the reduction 
of 5-nitro-2-pentanone, 5-nitro-2-hexanone, 5-methyl-5-nitro-2-hexanone 
and 5,5-dinitro-2-hexanone with sodium borohydride in aqueous methanol 
solution. However, 5,5-dinitro-2-pentanone (CCLXX) is reduced slowly 
to the pentanol and even with a 300% excess of reducing agent and a long 
reaction time the reduction is incomplete and the product contains unre¬ 
acted gem-dinitro compound (294). 


CHjCOC^CHj 


CCLXX 


no 2 

NO, 


CHjCHCHjCH 


OH 




NO, 


(7-19D 


NO, 


It has been suggested that the slow reduction is related to a ring-chain 
tautomerism in which the effective concentration of the carbonyl group is 
diminished by the participation of the primary nitro-nitronate anion with 
the formation of a pseudo nitronic ester. 


O 


t 



H,C. 


y« 

^ n 


C—CHj 


H, 

CCLXXI 


O 

t 

N. 


0,N —C 


\ 


H,C. 


VI 


C—CH, 


H, 


OH 


(7-192) 


The reduction of sugars with sodium borohydride in aqueous solution 
has been applied to the ketoses, fructose and sorbose. The reduction of 
^-fructose yields a mixture of equal parts of sorbitol and mannitol, iso¬ 
lated as the hexaacetates (47). As discussed in Section 5.1 f a quantita¬ 
tive method for the analysis of aldoses and ketoses involves reduction in 
aqueous solution with excess borohydride, followed by decomposition and 
measurement of the evolved hydrogen. This method has been applied to 
the analysis of both fructose and sorbose (51). 

7.2.4.b Steroidal ketones . The reduction of 3-ketosteroids with sodium 
borohydride is stereospecific, reduction in the normal series (CCLXXII) 
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yielding the 30 C-ol as the sole or major product while reduction in the alio 
series (CCLXXIII) yields the 



The srereospecificiry of the reduction is illustrated by the formation of 
methyl 3Ct-hydroxyetiocholanate and methyl 3/3-hydroxyetioallocholanate 
by the reduction of a mixture of methyl 3-ketoetiocholanate and methyl 
3-ketoetioallocholanate (183). A similar result is reported in the reduc¬ 
tion of the analogous A 9<ll) compounds (183,295)- In the reduction of the 
saturated 3-keroetiochoIanate and 3-ketoetioallocholanate, a "3-desoxy 
material' 1 is reported among the reduction products (183). The yields in 
the reduction of cholestanone (CCLXXIII) and coprostanone (CCLXXII) 
with LA1I and sodium borohydride are similar although the less available 
isomer is formed to a slightly greater amount when the borohydride is 
used (233). 

Elisberg, Vanderhaeghe, and Gallagher (296) reported that the rate of 
reaction of the 3-ketone of the alio series is slower than that for the 
normal series. Thus, the reduction of etiocholane-3,17-dione (CCLXXIV) 
with sodium borohydride in methanol after 20 minutes gives a mixture of 
products corresponding to a 91% reduction of the 3-ketone group to a car- 
binol. Under the same conditions more than 30.% of androstane-3,17-dione 
(CCLXXV) is recovered unchanged after treatment with the borohydride. 



CXXXXTV CCLXXV 
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The reduction of A*-3-ketosteroids with sodium borohydride yields a 
mixture of the corresponding A 4 -3-hydroxy epimers in which the 3fi-ol is 
the principal product. 




(7-195) 


The configuration of the 7-ol obtained on reduction of 7-ketosteroids 
with sodium borohydride has not been established. It is reported that the 
reduction of 3/?-acetoxy-9CX f llCt-oxido-22-isoallospirostane-7-one yields 
a 3/3,7(j3?)-diol which is identical with the LAH reduction product (256). 

The reduction of 11-ketosteroids with sodium borohydride is stereo¬ 
specific yielding 11/3-hydroxy steroids. Under mild conditions the 11- 
keto group may not be attacked but under more drastic conditions such as 
in refluxing aqueous alcohol the ll/3-ol is formed (183,295,297). 



It is of interest to note that the reduction of the 4-one (CCLXXVIII) which 
contains a partial structure analogous to the 11-ketosteroid, is reported 
to yield the 4ct-hydroxy compound (298). 



CCLXXVIII 


(7-197) 
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Heymann and Fieser (297) reported that an attempt to reduce methyl 
3a-hydroxy-12-keto-A #(1 ^-cholenate (CCLXXIX) with sodium borohydride 
resulted in attack on the carbomethoxy group rather than the ketone. 



The C 17 carbonyl group is somewhat resistant to attack by sodium boro¬ 
hydride. Thus, the C 3 ketone in androstane-3,l7-dione and etiocholane- 
3,17-dione has been selectively reduced in dilute methanol solution to 
yield the corresponding 3-ol-17-one accompanied by a small amount of 
the 3,17/3-diol (296). The use of pyridine instead of methanol as a sol¬ 
vent results in a sluggish reaction and smaller yields of the same product. 

The C 17 kecosteroid containing the normal configuration in the C 14 posi¬ 
tion is reduced mainly to the 17j3-hydroxy epimer while in 14-iso com¬ 
pounds reduction of the 17-ketone yields the 170t-hydroxy epimer (299). 



CCLXXXI 


(7-198) 


(7-199) 


The presence of a 14,13-double bond results in the formation of the 170 
epimer. 



TABLE XXIV 

Reduction of Steroidal Ketones with Sodium Borohydride 
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mixture. 
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Scholz, ]. Am. Chem. Soc., 74. 5506 (1952). 
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ao C. Djerassi, E. Batrcs, M. Velasco, and G. Rosenkranz, ibid.. 74, 1712 (1952). 
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“H. Heymann and L. F. Fieser, J. Am. Chem. Soc., 74, 5938 (1952). 

“Isolated as 3-one after hydrolysis of ketal. 

J4 N. L. Wendler, R. P. Graber, R. E. Jones, and M. Tishler, /. Am. Chem. Soc., 
74. 3630 (1952). 
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ia J. H. Biel, J . Am. Chem. Soc., 73, 847 (1951). 
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CCLXXXII 


(7-200) 


The reduction of a 17a-ketone is reported to yield a 17a/3-ol (300). 




The reduction of various steroidal ketones with sodium borohydride is 
summarized in Table XXIV. 

The ratio of isomers obtained in the reduction of the enol acetate of 
cholestan-3-one (CCLXXXIV) with sodium borohydride is similar to the 
ratio obtained from the parent ketone (233). 



This is in contrast to the results obtained with LAH where the parent 
ketone is also found in the reduction mixture. The initial step in the 
borohydride reduction apparently involves solvolysis of the enol acetate 
to the enol form of the ketone which rearranges to the free ketone. 

The conversion of cholest-4-en-3-one to the enol acetate (CCLXXXV) 
followed by sodium borohydride reduction in alcoholic solution, results 
in the formation of a mixture of products containing the 3/J-ol, choles¬ 
terol, as the major product (60-75%), accompanied by the 30 C-epimer, epi- 
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cholesterol (less than 13%), and small amounts of the cholest-4-en-3-ols 
(301-303). 




The ratio of the major producrs is similar to that obtained in the reduc¬ 
tion of cho!est-5-en-3-one rather than the parent ketone. It has been pro¬ 
posed that the initial step in the reaction involves the solvolysis of the 
enol acetate to the enol form of the ketone which rearranges to the free 
ketone, cholest-5-en-3-one. The latter is almost completely reduced be¬ 
fore shift of the double bond to the A 4 -3 keto derivative. The fact that 
no reduction of the enol acetate occurs with sodium borohydride in an¬ 
hydrous pyridine is evidence for the initial saponification step since a 
carbonyl group is readily and completely reduced by the borohydride in 
this solvent. 

Treatment of cholest-4-en-3-one with lerf-butylmagnesium chloride 
yields an enolate which upon hydrolysis regenerates a ketone which is 
reduced with sodium borohydride in aqueous ethanol to a 37% yield of 
cholesterol (301). 

7.2.4.C Protection of the keto group . The use of open and cyclic 
ketals, i.e. p dimethoxy and ethylene ketals, permits the protection of ke¬ 
tones, especially the reactive 3-ketosteroid, in sodium borohydride 
reductions. 

7.2.5 Redactions with Potassium Borohydride 

Only a limited number of ketones have been reduced with potassium 
borohydride. The reduction of l-p-nicrophenyl-2-dichloroacetamidopropan- 
3-ol-l-one (CCLXXXVI) in a water-methanol mixture yields 23% of the 
dUerythro form and 35% of the dl-threo form of l-p-nitrophenyl-2-dichloro- 
aceramido-1,3-propanediol (304). 
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The reducrion of 2,2-diphenylene-l-indanone (CCLXXXVII) with potas¬ 
sium borohydride in methanol yields the indanol (305). 



(7-205) 


CCLXXXVII 

The reduction of hecogenin (CCLXXXVIII) and manogenin (CCLXXXIX) 
with potassium borohydride yields mixtures of the epimeric C ia -hydroxy 
compounds (306). 



7.2.6 Reductions with Lithium Borohydride 

7.2.6.a Non-steroidal ketones . The reduction of various ketones has 
been carried out at normal temperatures with lithium borohydride. Due to 
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the greater reducing action, as compared with sodium borohydride, the 
selective reduction of ketone groups in keto esters and various other 
polyfunctional compounds requires lower reaction temperatures. The fol¬ 
lowing ketones have been reduced with lithium borohydride in tetrahydro- 
furan solution (34). 


Ketone 

Product 

% Yield 

benzophenone 

benzhydrol 

SI 

ben zoylpr op ionic acid 

y-phenylbutyrolactone 

78 

2-butanone 

2-bur an ol 

77 

ethyl levulinace • 

y-valerolactone 

44 

m-nicroacetophenone 

l-(rw-nitrophenyl)ethanol 

93 


The attempted selective reduction of ethyl acetoacetate has been re¬ 
ported to yield a borate complex from which the reduction product could 
not be isolated. 

7.2.6.b Steroidal ketones . The selective reduction of the 11-keto 
group in cortical steroids has been carried out in the presence of other 
functional groups by means of lithium borohydride in retrahydrofuran so¬ 
lution although LAH is unsatisfactory for the desired reduction. 

The reduction of cortisone acetate 3-semicarbazone (CCXC), followed 
by acetylation and acid hydrolysis to remove the semicarbazone grouping 
yields 4-pregnene-l 1,17,20,2l-tecrol-3-one-20,21-diacetace (Reichstein’s 
substance E 20,21-diacetate), 4-pregnene-ll, 17,20,21-tetrol-3-one-21- 
acetate (Reichstein's substance E 21-acetate) and 4-pregnene-17,20,21- 
triol-3,ll-dione-20 B 21-diacetare (Reichstein’s substance U 20,21-diace- 
tate) (307,308). The incomplete reduction of the 11-keto group, as evi¬ 
denced by the formation of substance U, is attributed to a solubility factor. 



CII,OH 



NHLONHj 


CHjOH 



LM 2 OAc 


CHOH 



CUjOAt 

CHOAc 



NHC.'ONHj 


(7-206) 
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The reduction of cortisone-3,20-bis-semicarbazone (CCXCI: R = OH) 
and ll-dehydrocorticosterone-3,20-bis-semicarbazone (CCXCI: R = H) 
with lithium borohydride in a mixture of dimethylformamide and tetrahy- 
drofuran, followed by acetylation and hydrolysis, yields 1701-hydroxy- 
corticosterone acetate (CCXCII: R * OH) and corticosterone acetate 
(CCXCII: R = H), respectively (307). 


CH a OH 



1. LiBH 4 

2. Ac a O 

3. 


CCXCI 


CH a OAc 

-=0 

R 

(7-207) 

CCXCII 



The 3-semicarbazone (307,309), 3-dimethylketal (309) and 3-diethyl- 
ketal (310) of 20-cyano-17-pregnene-21-ol-3,ll-dione (CCXCIII) are re¬ 
duced with lithium borohydride to the corresponding derivative of 20- 
cyano-17-pregnene-ll/J,21-diol-3-one. 


CH a OH 



LIBH4 


CU 2 OV 



R = HjNCONHN, (CH a O) a , (C a H f O) a 
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The reduction of the 3-ethyl enol ether of 4-androstene-3,I7-dione 
(CCXCIV) with lithium borohydride yields the 17/3-hydroxy epimer which 
upon acid hydrolysis is converted to testosterone (311)- 



The reduction of the 20-ketone group with lithium borohydride yields 
the 20jS-ol, as shown in the reduction of cortisone acetate 3-semicarba- 
zone (equation 7-206). 

As indicated in the previous examples, the ketone group has been pro¬ 
tected from reduction with lithium borohydride by the formation of the 
semicarbazone, ketal or enol ether. 

7.2.7 Redactions with Lithiom Gallium Hydride 

Although acetone is reduced by lithium gallium hydride in ether solu¬ 
tion to 2-propanol f benzophenone is not attacked by the complex metal 
hydride (56). 


7.3 QUINONES 

7.3.1 Redactions with Lithium Aluminum Hydride 

The reduction of quinones with LAM is analogous in many respects to 
that of ketones. 

7.3.1,a o-Quinones m Booth, Boyland and Turner (312) have examined 
the reduction of a number of o-quinones with LAH. While reduction of 
o-benzoquinone (CCXCV) yields pyrocatechol, the reduction of 1,2- 
naphthaquinone (CCXCVI) gives a mixture of alkali soluble material 
which may be 1,2-dihydroxynaphthaIene (CCXCVII) and frflws-1,2-dihy¬ 
droxy-1,2-dihydronaphthalene (CCXCVIII). 
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A summary of the relative quantities of CCXCVII and CCXCVIII formed 
in the reduction of CCXCVI with various amounts of LAH is given in 
Table XXV. 


TABLE XXV 

Reduction of 1,2-Naphthaquinone 1 * with LAH (312) 


LAH 

g- 

CCXCVII 

Yield 

K- 

CCXCVIII 

Yield 

0.5 

0.42 

10.4 

1.0 

24.4 

1.0 

1.36 

33.5 

1.80 

43-8 

2.0 

1.54 

3B.0 

1.52 

37.1 

4.0 

1.35 

33.3 

1.0 

46.3 


a Four grams quin one- reduced by Soxhlet technique. 


The LAH reduction of 1,2-anthraquinone (CCXCIX) yields trans- 1,2- 
dihydroxy-l,2-dihydroanthracene (31'2). 



LAH 

25% 


CCXCIX 



(7-212) 


Nystrom and Brown (12) and Schlesinger and Finholt (2) reported that 
the reduction of 9,10-phenanthraquinone (CCC) with LAH gives 9,10-di- 
hydroxyphenanthrene in 98% yield. Booth, Boyland and Turner (312) 
found that the reduction yields only traces of this product and over 80% 
of racemic fra72$-9,10-dihydroxy-9,10-dihydrophenanthrene (CCCI). 
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O OH OH OH 



O OH OH O 


('(CIV CCCV CCCVI CCCVII 

The reduction of 2-mcthyl-l,4-naphthaquinone (CCCVIII) gives different 
neutral alcoholic products according to the reaction conditions although 
the main product of the reaction is the phenolic l f 4-dihydroxy-2-methyl- 
naphthalene (CCCIX). The reduction of 10 g. (0,058 mole) of CCCVIII 
with 2 g. (0.053 mole) of LAH in refluxing ether gives CCCIX and 1,2,3,4- 
tctrahydro-l,4-dihydroxy-2-methylnaphthalene (CCCX), When the reduc¬ 
tion is carried out with 1 g. (0.026 mole) of LAH in an attempt to avoid 
the hydrogenation of the 2,3-bond the only neutral product isolated is 
the kero-alcohol, l,2,3,4-tetrahydro-l-hydroxy-4-keto-2-methylnaphthalene 
(CCCXI). When twice as much LAH is employed the main neutral product 
of the reaction depends on rhe temperature and solvent employed. The 
reduction of CCCVIII under different conditions is summarized in Table 
XXVI. 


O OH OH 



0 

CCCXI 


The saturation of the 2,3-bond is postulated as analogous to the 1,4- 
addition of hydrogen discussed in Section 7.2.1.i. The keto-alcohol 
(CCCXI) can be reduced to CCCX with LAH in refluxing ether. 

Nystrom and Brown (12) reported that reduction of 9,10-anthraquinone 
(CCCXII) with LAH by the Soxhlet technique gives a 95% yield of "anthra- 
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TABLE XXVI 


LAU Reduction of 2-Methyl-l^-Naphthaquinone (316) 


Quinone/LAH 
Molar Ratio 

Solvent 

Temp. 

% Yield®.* 

Dialcohol Keto-Alcohol 

cccx c:cc\i 

2/1 

Ether 

-10° 


4.0 


Tetrahydrofuran 

-10° 


2.9 


Ether 

25° 


4.2 


Ether 

35° 


1.2 

1/1 

Ether 

-10" 

1.7 

6.2 


Tetrahydrofuran 

-10° 

2.0 

"small amount" 


Ether 

25° 

1.9 

"small amount" 


Ether 

35° 

1.9 

"small amount" 




4,4 C 



Te trafty drof lit an 

65° 

2.2 

"small amount" 


"Main product is l,4-dihydroxy-2-methylnaphthalene. 

b LAH in ethereal solution added to a solution of the quinone. 

c Ethereal solution of quinone added to ethereal LAM solution. 


hydroquinone M presumably 9,10-dihydroxyanthracene. Boyland and Manson 
(316) found that the reaction product is 9 l 10-dihydroxy-9,10-dihydroanthra- 
cene (CCCXIH), in 13% yield in ethereal solution (72% based on unre¬ 
covered quinone) and 45% yield in tetrahydrofuran (67% based on unre¬ 
covered quinone). 


LAH 


CCCXII CCCXIII 

The reduction of 1-o-methoxyphenylanthraquinone in benzene with an 
ethereal LAH solution is reported to give 9 ? 10-dihydroxy-9,10-dihydro- 
1-o-methoxyphenylanthracene (317)* 




7.3.2 Redactions with Other Complex Metal Hydrides 

Benzoquinone is reduced to hydroquinone by the use of an ethereal so¬ 
lution of'the aluminum hydride-aluminum chloride complex (318) as well 
as with lithium gallium hydride (56) and magnesium aluminum hydride (40). 

Chaikin and Brown (42) reported that in the reaction of anthraquinone 
with sodium borohydride reduction occurred but boron-free products were 
not isolated. 
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CHAPTER 8 


Reduction of 

OXYGEN-CONTAINING ORGANIC COMPOUNDS 
II. Carboxylic Acid Derivatives 
(Acids, Anhydrides, Acyl Halides) 


8.1 CARBOXYLIC ACIDS 
B.1.1 Reductions with Lithium Aluminum Hydride 

The reduction of carboxylic acids consumes three-quarters of a mole of 
LAH per mole of acid (1) according to the equation: 

4 RCOOH + 3 LiAlH* -> (RCH a O) 4 LiAl + 2 LiA10 a + 4 H a (8-1) 

The acidic hydrogen consumes one-quarter mole of hydride while hydroxyl 
and amino groups in hydroxy and amino acids consume an equivalent 
amount of LAH. 

The reduction generally proceeds satisfactorily although in some cases 
an insoluble derivative is formed, in the initial active hydrogen reaction, 
which is slowly reduced. In such cases the reduction of the correspond¬ 
ing ester or acid chloride is more satisfactory. 

The reduction of ether-soluble acids is carried out by the usual pro¬ 
cedure of adding an ethereal solution of the acid to one of the hydride. 
In the case of slightly soluble acids, the latter, in the thimble of a Soxhlet 
extractor, is continuously extracted with solvent from a refluxing LAH 
solution. 

8.1.1.a Aliphatic carboxylic acids . The LAH reduction of 
saturated aliphatic carboxylic acids yields the corresponding alcohol 
without undue difficulty. 

The LAH reduction of mono-, di-, and trichlorosubstituted aliphatic 
acids yields the corresponding chloroalcohol (2,3). A patent on the use 
of fluorinated aliphatic phosphates reported the synthesis of heptafluoro- 
butanol, in 26% yield, by the LAH reduction of heptafluorobutyric acid 
(4). However, Husted and Ahlbrecht reported that the products of the re¬ 
duction of perfluoroaliphatic carboxylic acids (I) are mixtures of the per- 
fluoroalcohol and the corresponding aldehydrol (5-8). 

T AH 

C n F Jn+1 COOH — C n F ln+l CH 2 OH + C n F ln+l CH(OH) a (8-2) 


The aldehydrol, i.e., the aldehyde monohydrate, is dehydrated to the alde¬ 
hyde by means of sulfuric acid or phosphorous pentoxide. The fluoro¬ 
carbon aldehydes are sensitive to moisture, forming aldehydrols almost 
instantaneously in the presence of water, and polymerize rapidly at room 
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temperature, while the aldehydrols are quite stable. The patents claim 
the aldehydrols from three to eighteen carbon atoms with specific claims 
for the two, three, and four carbon compounds and the corresponding alde¬ 
hydes. Utilizing a 1: 1 ratio of LAH to acid, the yields of aldehyde are 
reported as ranging from 20-40% while McBee and his co-workers found 
that a 0.75: 1 ratio gives yields of aldehyde from 40-49% and 40-50% of 
the accompanying perfluoroalcohol (9)* 

Reid and Smith reported (10) that trifluoroacetic acid as well as various 
pcrfluoroamides form unstable complexes with LAH which decompose 
violently upon heating on a hot plate. The production of free carbon 
indicates the deep-seated nature of the decomposition. 

Although the LAH reduction of amino acids to amino alcohols generally 
proceeds satisfactorily, the attempted reduction of glycine in tetrahydro- 
furan reportedly gives no ethanolamine (11). The attempted LAH reduc¬ 
tion of glutamyl-y-glycine (II) in morpholine has been reported to give 
only a 5% yield of diol while esterification of the diacid prior to reduc¬ 
tion increases the yield to 31% (12). 

H 2 NCHCH a CH a CONHCH 2 COOH 

COOH 

II 

Attempts to reduce glutathione (III) and N-carbobenzoxyglutathione have 
been similarly unsatisfactory until the two acid functions of the tripeptide 
were esterified (12). 

HjNCHCHjCHjCONHCHCONHCHjCOOH 

COOH CH 2 SH 

III 

The LAH reduction of N-substituted succinamic acids yields the ex¬ 
pected amino alcohols (13-15). Similarly succinamic acid itself yields 
4-amino-1-butanol (14). However, the reduction of 2-dodecylsuccinamic 
acid (IV) is accompanied by ring closure to yield 3-dodecylpyrrolidine. 

C„H ai CHCOOH C 12 H aS CH — CH a 

^ LAH 

CH,CONHj H, CH, (8-4) 

IV N 

H 

The reduction of 2-dodecyl-3-mechylsuccinamic acid (V) yields a mixture 
of the amino'alcohol and pyrrolidine (13). 


HjNCHCHjCHjCONHCHjCHjOH 
CH,OH (8 - 3) 
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ch s chconh 2 


CHjCHCHjNHj C ia H ai CH — CHCH, 


C la Ha 5 CHCOOH 
V 


C l2 HjgCHCHjOH + 


H a C^ C \\ 2 

N 

H 


(8-5) 


The LAH reduction, in cetrahydrofuran, of a mixture of the two am¬ 
monium succinamates, VI and VII, containing less VI than VII, has been 
reported to yield 16% of an amino alcohol which is converted, with hydro- 
bromic acid, to 27% l-bromo-3,3-dimechyl-4-aminobutane, as the only 
isolable product (16). 

(CH s ) a CCONH a 

CH a COONH 4 

VI LAii ( ch i) 2 cch 2 nh 2 iiBr (CH 3 ) 2 CCH 2 NH 2 

(CH s ) 2 CCOONH 4 CH a CH a OH CH 2 CH a Dr 

(B-6) 

CHjCONHj 

VII 

The reduction of dicarboxylic acids provides a satisfactory route to 
the corresponding diols. Thus, substituted succinic acids and sebacic 
acids are converted to the corresponding butane- and decanediols, re¬ 
spectively. Marvel and Fuller (17) reported that while preliminary ex¬ 
periments indicated that good yields of diols could be obtained by LAH 
reduction of substituted succinic acids, in larger scale reductions ap¬ 
preciable amounts of the acids containing isopropyl or n-butyl substit¬ 
uents are converted to y-butyrolactones. The exact structure of the lac¬ 
tones has not been further investigated. Noyce and Denney (18) reported 
that with normal addition in refluxing ether the LAH reduction of 2-ethyl- 
2-n-butylglutaric acid (VIII) gives a 75% yield of the disubstituted 1,5- 
pentanediol. With inverse addition at lower temperatures an 11% yield of 
the diol is accompanied by 39% of 2-erhyl-2-72-butyl-5-valerolactone (IX) 
and 14% of unreacted acid. 


QHa 

x CCOOH 

n-C 4 Hp 

CH a 

ch 2 cooh 

VIII 


LAH 


C a H s \ 

«-c 4 h, / 


CCH,OH 

CH, 

CH,CH,OH 


C,H,k 

)( C=0 

n-C,H, 

+ CH, 6 

CH, — CH, 


IX (8-7) 


The structure of IX and the apparent effect of steric hindrance indicates 
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that the y-butyrolaccones obtained by Marvel and Fuller probably have 
structures X and XI. 


(CHj)jCHCHCOOH (CH.^CHCHCl^OH (CH,) 2 CHCH—C==0 

I I + I 

CH 3 CHCOOH CH s CHCH 2 OH CHjCH o 


H, 



X 

( 8 - 8 ) 

C 4 H 9 CHCOOIJ 

C-H.CHC H a OH C 4 H,CH — C = 

(8-9) 

1 

-* 1 + 1 1 

CHjCHCOOH 

CHjCHC.HjOH CHjCH 6 

\ / 

C 

H. 

XI 



Nystrom and Brown (1) reported that sebacic acid is reduced to the 
diol in 97% yield by excess LAH. Attempts to carry out a selective re¬ 
duction by the addition of a quantity of LAH sufficient to reduce one 
carboxyl group, to die ethereal acid solution (inverse addition) gave a 
mixture of the diol and unchanged acid. The same products were ob¬ 
tained by the reduction of the half ethyl ester of sebacic acid under simi¬ 
lar conditions. 

The reduction of hexuronic acids with LAH to the corresponding hexi- 
tols (19,20) has recently been reported. 

The reduction of a carboxyl group next to an asymmetric carbon atom 
proceeds without loss of activity since little or no racemization accom¬ 
panies the reductions. 

The LAM reduction of various CX,/3-saturated aliphatic acids, including 
halo, hydroxy, amino and alicyclic substituted compounds, is summarized 
in Table XXVII. 

Although phenyl-, diphenyl-, and other aryl substituted aliphatic acids 
are generally reduced in good yield, trisubstituted acids introduce steric 
factors. Thus, Nystrom and Brown reported (1) that tripheny lace tic acid 
is not reduced in diethyl ether at 25°. However, reduction in tetrahydro- 
furan at a higher temperature gives the carbinol in good yield (21). Baker 
reported that the reduction of highly hindered acids such as 2-benzyl-2,4- 
diphenylbutanoic and 2 -benzyl- 2 , 3 -diphenylpropionic acids is accom¬ 
plished satisfactorily in di- 12 -butyl ether ( 22 ). 

Eliel and Freeman have reported that the LAH reduction of 2-chloro-2- 
phenylpropionic acid yields 2 -phenyl- 1 -propanol, 2 -phenyl-l, 2 -propanediol 
as well as small amounts of 2 -phenylpropanal and acetophenone ( 23 ). 
Since an excess of LAH was employed in the reduction, the carbonyl 
compounds were presumed to have originated during the isolation process. 



LAH Reductions of a, ^-Saturated Aliphatic Carboxylic Acids 

Acid Product % Yield 
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■P. 71-73°(XX1I) ^-Mycolyl alcohol, m.p. 60-63 
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In a further extension of the work on the reduction of (X-chloro acids, 
Eiiel and Herrmann reported that chlorohydrins are isolated in the reduc¬ 
tion of chloroacetic acid, 2-chloropropionic acid and 2-chloroburyric acid 
with excess LAH in ether. Under ordinary conditions 2-chloroisobutyric 
acid gives isobutanol. 2-Chloro-2-phenylacetic acid, 2-chloro-2-phenyl- 
propionic acid and 2-chloro-2,2-diphenylacetic acid are reduced co a mix¬ 
ture of the alcohol and the glycol, the latter increasing with increasing 
bulk of substituent, H < CH, < C fl H,. 

R R R 

1 LAH 1 1 

C.H.CCOOH CeH.CHCHjOH + C 6 H 9 CCH a OH (8-10) 

Q OH 

XII 


R = H f CH„ C.H, 

The chlorohydrins are intermediates in the reduction to the alcohols since 
they can be isolated by the inverse addition of a limited amount of LAH 
and can be further reduced co the alcohols (24). 

The LAH reduction of various aryl substituted 01,/3-saturated aliphatic 
acids is summarized in Table XXVIII. 

The LAH reduction of various a,jB-saturated aliphatic acids substituted 
with heterocyclic nuclei is summarized in Table XXIX. These include furan, 
thiophene, pyrrole, indole, and thianaphthene nuclei. The attempted re¬ 
duction of 2-amino-4-hydroxy-6-methyl-5-pyrimidylacetic acid with LAH 
has been reported to be unsuccessful and no reduction product could be 
isolated (25). 

The LAH reduction of carboxyl groups has been utilized in the charac¬ 
terization of various proteins. The latter is treated with LAH in N-ethyl- 
morpholine whereby the free carboxyl groups are reduced to primary alco¬ 
hol groups. After hydrolysis and extraction of the amino alcohols they 
are identified by paper chromatography. This method has been applied to 
the characterization of insulin (2^29) and ovomucoid (29,30). 

Mousseron et al. reported that the reduction of cyclohexyloxyacetic 
acid (Xin), in ethereal solution, utilizing 0.5 mole of LAH per mole of 
acid, gives 65% 2 -cyclohexyloxyethanol and 10 % cyclohexanol (31). 

H.COOH ^“^SyXlCHjCHaOH 

LAH. [ [ 

XIII (8-11) 

The LAH reduction of frtfns-jfl-decahydronaphthyloxyacetic acid analo¬ 
gously gives 65 % 2 -(j 8 -decahydronaphthyloxy)ethanol and 10 % ^-decalol. 





TABLE XXVIII 

LAH Reduction of Aryl Substituted u,£-Satureted Aliphatic Carboxylic Acids 

_ Acid _ Product _ % Yield Ref. 

Phenylglyoxylic acid Phenylethylene glycol 80 1 
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On the ocher hand, che reduction of cyclohexylthioacetic acid (XIV) gives 
50% 2-cyclohexylthioechanol without cleaving che thioether grouping (31). 



CHjCOOH 


LAH 



CH a CH a OH 


(8-12) 


XIV 

The following acids containing an (X-ether grouping have been sub¬ 
jected to LAH reduction without the reported isolation of cleavage prod¬ 
ucts: (-)-Menthoxyacecic acid (32), Ol-Methoxyphenylacetic acid (33), 
CX-(2-Naphthyloxy)phenylacetic acid (34), (X-Phenoxy-p-methoxyphenyl- 
acetic acid (35). 

8.1.l.b Alicyclic carboxylic acids . The reduction of (X,j3-saturated 
alicyclic acids proceeds in the same manner as in the case of other acids. 
The solubility of die acid in che reaction medium plays an important role 
in the yield of carbinol. The degree of substitution of the ring carbon 
atom to which the carboxyl group is attached does not appear to be sig¬ 
nificant since carboxyl groups located at a bridgehead position are readily 
reduced. 

The LAH reduction of triterpene acids such as oleanolic, ursolic and 
betulic acids is carried out satisfactorily in a tetrahydrofuran-ether mix¬ 
ture (36). Morolic acid is reduced in ether solution (37). 

Asiatic acid, the aglycone of asiaticoside, is a triterpene acid for 
which structure XV has been elucidated (38,39). 



Reduction of XV with LAH in ether yields the corresponding tetrol, asiati- 
col. Asiaticoside, which on hydrolysis with acid or dilute alkali yields 
glucose, rhamnose and asiatic acid, is reduced with LAH in N-ethyl- 
morph'oline solution to asiaticol (39,40). 

Quinovaic acid, a triterpene monohydroxy dicarboxylic acid for which 
structure XVI has been advanced, contains two carboxyl groups of differ* 
ent reactivity since only one can be readily transformed to an aldehyde 
or methylol group. 
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XVI 


The desoxy derivative, 2-desoxyquinovaic acid, is reduced with LAH in 
dioxane to a hydroxy acid. The second carboxyl group remains unchanged 
although both groups can be reduced using the diacid chloride (41). 

The LAH reduction of various CX,j8- saturated alicyclic carboxylic acids 
is summarized in Table XXX. 

8.1. l.c CL, f3-Unsaturated carboxylic acids . The LAH reduction of un¬ 
conjugated unsaturated acids proceeds without attacking the double bond 
to yield the unsaturated alcohol, as shown in Tables XXVII-XXX. The 
reduction of sterculic acid (XVII) leaves the cyclopropene ring intact (42). 


PH. 

CH,(CH 2 ) j C=C(CH 1 ),COOH 

XVII 


LAH 


/v 

CH,(CH 1 ) 7 C==C(CH 1 ) T CH a OH 


(8-13) 


Reduction of dihromooleic acid (XVIII) yields dibromooleyl alcohol (43). 
Be Br Br Br 

CH,(CH 1 ),C=C(CH 1 ),COOH CH.(CH J ) T C=C(CH J ),CH 1 OH (8-14) 

XVIII 


Ximenynic acid which has been shown to be heptadec-10-en-8-yne-l- 
carboxylic acid (XIX) (44,43) is reduced with LAH to ximenynyl alcohol 
retaining the conjugated double and triple bonds (43). 

CH,(CH 1 ) I CH=CH—CwaCfCHjXCOOH -* 

XIX 

CH.tCH^CH =CH—C« eC(CH,),CHjOH (8-15) 

When the acid (XIX) is heated with potassium hydroxide in ethylene 
glycol at 180-190° isomerization yields isomeric heptadecatriene-1- 
carboxylic acids (XX) which are reduced with LAH to the corresponding 
alcohols (46). 



LAH Reduction of 0 ,/i-Saturated Alicy clic Carboxylic Acida 
Acid No. Product % Yield 
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9 -Fonnyl- 9 ,10-dihydro-9.10-eth.no- VII 9,1O-Dihydro-9,12-bis-fhydroxyinechyl)- 

.nthr.cene-12-cai boxy lie acid 9,10-ethanoanihiaceiie 
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CHART TO TABLE XXX 
II III 


COOH 



(continued ) 
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CH i (CH a ) a (CH— CHJ.fCHJyCOOH -► 

XX 

CH 1 (CH 1 ),(CH =CH),(CH a ) y CH a OH (8-16) 

The reduction of unsaturated acids in which the double bond is con¬ 
jugated with the carboxylic group generally yields the corresponding un- 
saturaced alcohol. 


CHj =CHCOOH CH^CHCHjOH (8-17) 


The LAH reduction of various 0t,/9-unsaturated aliphatic and alicyclic 
acids involving non-reduction of the double bond is summarized in Table 
XXXI. 

The reduction of tran5-4-carboxy-vitarain A acid (XXI) with excess 
LAH (2.2 moles LAH/0.005 moles acid) is reported to yield a product, 
CaiHjoO, (47). 



CHCOOH 


The analysis of the product indicates reduction of one carboxyl group to 
the hydroxymethyl derivative with retention of unsaturation and one car¬ 
boxyl group. 

The LAH reduction of 2,4-pentadienoic acid (XXII) to 2,4-pentadienol 
proceeds in low yield (48,49) due to the polymerization of XXII (48). 

CHj =CHCH =CHCOOH LAH CH 3 =CHCH =CHCH,OH (8-18) 

xxn 

Freedman and Becker reported that the reduction of 0.80 moles of 
2-hexenoic acid (XXIII) with 1.18 moles of LAH gives a 59% yield of a 
mixture of alcohols which has been shown by quantitative bromination to 
contain 23.0 to 28.3% of the saturated alcohol (30). 

T A M 

CHjCHjCHjCH “CHCOOH 
XXIII 

CHiC^CHjCH * CHCH,OH + CH 1 CH 1 CH 1 CH 1 CH a CH 1 OH (8-19) 

Dornow, Messwarb, and Frey reported that the reduction of 0.0087 moles 
of 2-cyano-5,9~dimethyldeca-2 l 4,8-trienoic acid (XXIV) with 0.019 moles of 
LAH at room temperature gives an 82% yield of 2-aminomethyl-5|9-di- 
methyldeca-4,8-dien-l-ol (51). 



TABLE XXXI 

LAH Reduction of n^-Uniituated Carboxylic Acids Involving Non-Reduction of the Double Bond 

Acid Product % Yield Ref. 
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CHART TO TABLE XXXI 



CH. CH, 

I I 

=CHC =CHCH =CHC =CHCOOH 



-C=C— 

„ „ —CH =CCOOH 

C N H! | 

0 , 4 ^, 
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CH, CH, 

CH,C=CHCH,CH,C=CHCH 

XXIV 


COOH 

CN 


CH, 


CH, 


/ 


,CH,OH 


CH,C=CHCH,CH,C=CHCH,qH (8-20) 

CH,NH, 


The reduction of 0.016 moles of isoamylidene cyanoacetic acid (XXV) 
with 0.025 moles of LAH at room temperature gives 38% of the saturated 
amino alcohol (51). 


(CH,),CHCH,CH =C, 


J 

\ 


COOH 


LAH 


(CH,),CHCH,CH, 


CN 


i 


CH.OH 


( 8 - 21 ) 


CH,NH, 


XXV 

Nystrom and Brown reported that the LAH reduction of cinnamic acid 
(XXVI) gives hydrocinnamyl alcohol (1,52). 


I au 

C,H B CH=CHCOOH C # H 1 CH a CH a CH a OH (8-22) 

XXVI 

The reduction of the double bond in compounds such as XXVII wherein 
the ethylenic group is substituted on one side by a phenyl group and the 
other by a reducible group is dependent upon the reaction conditions (53). 
Thus, the reduction of 2-methylcinnamic acid (XXVII) with LAH at 0-5° 
yields the unsaturated alcohol in 83% yield. At higher temperatures a 
mixture of allylic and saturated alcohols is obtained (54). Refluxing 
p-methylcinnamic acid (XXVIII) with excess LAH in ether yields a mix¬ 
ture of the saturated and unsaturated alcohols (55). 

CH a 


O 


CH=CCOOH 


CH,- 



c 


CH =CHCOOH 


XXVII 


xxvin 


Frdudenberg and Bittner have reported the reduction of p-hydroxycin- 
namic acid and 4-hydroxy-3 v 5-dime thy lcinnamic acid to the corresponding 
cinnamyl alcohol. However, no experimental details were given (56). 

The LAH reduction of CX-dimethylaminoacrylic acid is reported to yield 
a non-homogeneous product which could not be satisfactorily characterized 
(57). 
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The attempted reduction of /-ascorbic acid (XXIX), isoascorbic acid 
(XXX) and reductic acid (XXXI) with LAH in refluxing ether is unsuc¬ 
cessful, apparently due to the difficult polarizability of the mesomeric 
system (58). 



HOCH 


HCOH 


CH a OH CH a OH 

XXIX XXX XXXI 

8.1.l.d Acetylenic carboxylic acids. The LAH reduction of uncon¬ 
jugated acetylenic acids results in the formation of acetylenic carbinols. 
Thus, the acetylenic bonds are retained in the reduction of ximenynic 
acid (45) (equation 8-15) and stearolic acid (XXXII)) (43). 


CH^CH^C sb CKCH^COOH 
XXXII 


CH^OUCss CfCIUCHiOH 


XXXII (8-23) 

The reduction of propiolic acid (XXXIII) (59*61) and acetylenedicar- 
boxylic acid (XXXIV) (59) yields allyl alcohol and 2-butene-l,4-diol, 
respectively. 


aCCOOH 

xxxra 


CH a =CHCH a OH 


(8-24) 


HOOCC —CCOOH 


HOCHjCH =CHCH a OH 


(8-25) 


XXXIV 

While cyclohexanepropiolic acid (XXXV) is reduced to 3-cyclohexyl-2- 
propen-l-ol, the LAH reduction of phenylpropiolic acid (XXXVI) yields a 
mixture of phenylpropargyl alcohol (XXXVII) and cinnamyl alcohol (60,61). 


sCCOOH 


CH^CHCl^OH 


(8-26) 


XXXV 


AAA V 

iC CCOOH C.H.C CCHjOH + C.H, 

xxxvi xxxvn 


iCH= =CHCH,OH 


(8-27) 
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Baeyer reported (66) chat reduction of XL with sodium amalgam gives a 
product melting at 190° which he called phenolphchalol. This compound 
is oxidized to phenolphthalein by potassium ferricyanide and gives a red, 
water-insoluble condensation product on treatment with concentrated sul¬ 
furic acid. Hubacher reported char the pbenolphthalol obtained by LAH 
reduction of XL neither produces Baeyer’s red products nor does it yield 
phenolphthalein on oxidation. This product gives a mono as well as a 
triacetyl derivative. Repetition of Baeyer’s procedure gave a crude prod¬ 
uct which melted at about 190° and on recrystallization from water melted 
at 198-199° and was identical to the LAH reduction product. 

The greater ease of reduction of the ester and ketone groups as com¬ 
pared to the acid p as well as the influence of steric factors have been 
observed. Newman and Gaercner (67) found that the LAH reduction of 
2-(c^toluyl)-l-naphthoic acid (XLI) gives only 16% the expected diol 
(XLII) and 57% of the lactone (XL1II). 



XLH XLIII 

The selective reduction of monomethylphthalate (XLIV) with 0.75 mole 
of LAH (0.25 mole required for the active hydrogen of the bee carboxyl 
group) is reported to yield the lactone phthalide (XLV) (68). 

0 



XLIV 


XLV 
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Bird and Turner have carried out an interesting study of the LAH re¬ 
duction of 3-chlorophthalic acid and its esters (69). The reduction of 
3-chlorophthalic acid (XLVI) and l-methyl-2-hydrogen-3-chlorophthalate 
(XLVII) with 120% of the quantity of LAH calculated for conversion to 
the glycol, in boiling ether gives 7-chlorophthalide (XLVIII). The reduc¬ 
tion of methyl 3-chlorophthalate (XLIX) and 2-methyl- 1-hydrogen-3-chloro- 
phthalate (L) under the same conditions gives 3~chloro-c^xylylene gylcol 
(LI). The reduction of the phthalide (XLVIII) to the glycol (LI) requires 
five moles of LAH. 




XLIX L 

The reduction of anthranilic acid and p-aminobenzoic acid under the 
usual conditions yields o- and p-aminobenzyl alcohol, respectively. Re¬ 
duction of anthranilic acid with a large excess of LAH for 22 hours gives 
83% ohminobenzyl alcohol and 3% o-toluidine. Reduction of p-amino- 
benzoic acid with excess LAH for 29 hours at 65° gives 47% p-toluidine. 
The reduction of m-aminobenzoic acid, after 11 days at 85°, gives 72% 
s^aminobenzyl alcohol without hydrogenolysis products (70). These 
hydrogenolysis reactions reported with o- and p-aminobenzoic acids are 
discussed in Section 16.1. 
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The LAH reduction of various aromatic carboxylic acidsis summarized 
in Table XXXII. 

8-l.l.f Heterocyclic carboxylic acids . The LAH reduction of hetero- 
cyclic carboxylic acids provides a satisfactory method for die synthesis 
of heterocyclic carbinols. 

Furan, tetrahydropyran, benzo furan, and chroman carboxylic acids have 
been reduced to the corresponding carbinols. Aldobiuronic acid, a degra¬ 
dation product of the xylan isolated from the cell-wall material of ripe 
pears, identified as 2-methyl-3-(2 P 3i4-trimethyl-a-D-glucuronosido)-D- 
xylose (LII) is reduced with LAH to yield a syrup which on hydrolysis 
with dilute hydrochloric acid is converted to 2-methylxylose and 2,3,4- 
trimethylglucose in equimolar proportion (20). The reduction and hydroly¬ 
sis reactions are represented as follows: 




TABLE XXXII 

LAH Reduction of Aromatic Carboxylic Acids 
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The LAH reduction of various heterocyclic nitrogen carboxylic acids 
including pyrrolidine, indole, and pyridine nuclei have been carried out 
successfully. Attempts to reduce 3-carboxy-6-methyl-2(l)-pyridone (LID) 
in ether have not been successful. However, LAH reduction of Lm in 
di-r^butyl ether gives 3-hydroxyniethyl-6-methyl-2-pyridol as well as con¬ 
siderable unreacted acid (71). 



Attempts to reduce 4-ace toxyme thy l-3-carboxy-(>methyl-2-pyridol have 
been reported to be unsuccessful (72). 

Thiophene and thianaphthene carboxylic acids are reduced with LAH 
in good yield to the corresponding hydroxymethyl derivatives (73-76). 

The LAH reduction of various carboxylic acids containing heterocyclic 
oxygen, nitrogen and sulfur nuclei is summarized in Table XXXIII. 

S.l.l.g Labeled carboxylic acids . The LAH reduction of isotopically 
labeled carboxylic acids permits the synthesis of carbinols labeled in 
the 1- and 2-posicions with C 11 and C 14 . Various labeled acids treated in 
this manner are summarized in Table XXXIV. In the case of acetic acid, 
reported procedures have utilized diethyl carbitol (77,78) and ethylene 
glycol diethyl ether (79) as the reaction media with n-butyl carbitol and 
ethylene glycol monophenyl ether for the alcoholysis of the organome- 
tallic complex. In the reduction in diethyl carbitol the labeled ethanol 
has been found to be contaminated with inactive material arising from 
cleavage of the ether linkages of the diethyl carbitol. 

The LAH reduction of 2,2-^Qctanoic acid has been utilized in the 
synthesis of 2,2-^-n-octanol (80). 


8.1.2 Reductions with Aluminum Hydride 

The reduction of benzoic acid has been carried out with the aluminum 
hydride-aluminum chloride addition compound to yield 6 1% benzyl alcohol 
(81). The course of the reaction has been postulated as follows: 



—CHjOH (8-35) 


al ■ 1 equiv, A1 
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LAH Reduction of Heterocyclic CarboKylic Acids 
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B.1.S Redaction wftik Magnesias mi Zinc Aluminum Hydrides 

Magnesium aluminum hydride in ethereal solution reduces carboxylic 
acids to the corresponding alcohols, analogous to the behavior of LAH 
(82,83)- Thus, reduction of benzoic acid yields a white precipitate which, 
on hydrolysis, yields 86 % benzyl alcohol. Similarly, cinnamic acid yields 
cinnamyl alcohol. The reaction is postulated (82) as follows: 




-CH=0 +2H —CH,OH (8-36) 


Zinc aluminum hydride is reported to reduce acids to alcohols although 
no specific examples have been recorded (83). 

8.1.4 Redactions with Sod I an Borohydride 

The non-reduction of carboxylic acids with sodium borohydride permits 
the selective reduction of other functional groups in the presence of acid 
groups (84). The following compounds have been treated with sodium 
borohydride with the carboxylic acid group being retained intact: 

Compound 

Maleic acid 

p-Benzoylphenylacetic acid 
4-Cafboxymethyl-5-methoa(y-B-methyl-l-tetralone 
2/d,4^-Di[nethyl-2-inethallyl-l-carboxyniethyleae-7-ethylenediosy- 
1 ,2,3,4,4aa,4b,5,6,7,8,10,10a£-decahydrophenanthrene-4-one 
3^,ll)9-Dihydroxy-3a l 9a-oxidochoUiuc acid 
3,11-Dike tocholaoic acid 
3a-Hydroxy-ll-lcetoetiocholanic acid 
19-Hydroxy-3-keto-A*-eciocholeaic acid 
Sodium 3a v 9o-dihydroxy-ll-ketocholanate 
Sodium 3 a -hydroxy-U-ketocholaiiace 
Sodium 3£-hydroxy-3a l 9a-oxido-ll-ketocholanate 
Sodium 3/3-methoxy-3a,9^-ozidi^l 1-ketocholanace 

The jS-mycolic acid isolated from a bovine Mycobacterium tuberculosis 
and called /3-mycolic acid Marmorek, C, 7 H 17a 0 4> is postulated as LIV and 
on treatment with sodium borohydride yields the expected dihydroxycar- 
boxylic acid (91). 

CH —CH —CHCOOH HSCH^CH,), 

III 

R, OH C 14 H„ SH 

LIV LV 

Protogen-B, a growth factor for Tetrahytnena ge/eiz, on treatment with 
sodium borohydride yields the dithiol carboxylic acid (LV) (92). Pre- 


CH(CH 1 )i_ J kCOOH 



Re/. 

84 

B5 

86 

87 

88 
8B 

89 

90 
8B 
88 
88 
B8 
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sumably the Protogen-B contains a carboxylic acid group which is re¬ 
covered intact. DL-6-Thioctic acid (LVI) is oxidized to a sulfoxide car¬ 
boxylic acid which on treatment with sodium borohydride yields 6,8- 
dithioloctanoic acid (93). 

CHj CH, CH(CH a ),C OOH 

s-s 

LVI 


Reduction of KMormylpteroylglutamic acid (LVII) with sodium boro¬ 
hydride yields a product with increased biological activity. Although the 
structure of the product has not been determined it is probable that the 
acid groups are unattacked (94). 



HOOCCK, 


Lvn 


Chaikin and Brown reported that treatment of pyruvic acid with sodium 
borohydride results in reduction but that boron-free products are not iso¬ 
lated. It has not been indicated whether the ketone or acid groups are 
reduced. Butyric acid undergoes partial reduction under die influence of 
sodium borohydride (84). 

Reduction of levulinic acid (LVIII) with sodium borohydride in aqueous 
solution yields y-valerolactone (84). 

CHjCCHjCHjCOOH "gjS CH,CHCH J CH 1 (8-37) 

0 0-C=0 

LVffl 

Lactones are obtained in the reduction of some carbohydrate acids. 
Thus, the reduction of sodium D-glucuronate monohydrate yields y-L- 
gulonolactone while the hexahydrated sodium calcium salt of D-gal- 
act uronic acid yields y-L-galactonolactone (93). A polyuronide hemi- 
cellulose isolated from wheat straw, after methylation and hydrolysis, 
yields a methylated aldobiuronic acid identified as 2-methyl-3-(2,3 v 4- 
trimethyl-D-glucuronosido>D-xylose. This compound, after reduction 
with sodium borohydride and subsequent hydrolysis, gives equimolar 
quantities of 2-methyl-D-xylose and 2,3,4-trimethyl-D-glucose (96). 

Meller reported (97) that the sodium borohydride reduction of the aldonic 
acid groups present in gluconic acid oxycelluloses may proceed to aide- 
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Hyde groups (acid reduction) or alcohol groups (alkaline reduction). No 
reduction products were isolated but the presence of carbonyl or alcohol 
groups was determined by measurement of the "hot alkali stability. 11 


8.1.5 Redactions with Potassium Borohydride 

In the only reported case of the reduction of a compound containing a 
carboxylic acid group with potassium borohydride, nicotinic acid methio- 
dide (LIX) has been reduced to arecaidine (LX) (98). 



(8-38) 


8.1.6 Redactions with Lithium Borohydride 

The free carboxyl group does nor seriously interfere in the reduction of 
other functional groups with lithium borohydride (99). Reduction of jS- 
benzoylpropionic acid (LXI) yields y-phenylbutyrolactone. 

C,H i COCH,CH 1 COOH C,H,CHCH 1 CH 1 (8-39) 

O-C=0 


LXI 


Treatment of benzoic acid with lithium borohydride results in decomposi¬ 
tion of the hydride and the evolution of diborane but the benzoic acid is 
recovered unchanged. The reaction between butyric acid and lithium 
borohydride, after one-half hour, results in a 73% recovery of the acid but 
an 8% yield of n-bucanol. The reaction between crotonic acid and the 
borohydride, after two hours, yields a 43% recovery of crotonic acid ac¬ 
companied by 10% of butyric acid and 4% n-butanol (99). 

8.1.7 Redactions with Lithium Gallium Hydride 

The complex gallium hydride is reported to reduce acids to alcohols. 
Reduction of butyric acid with lithium gallium hydride yields r^butanol 
( 100 ). 


8.2 ACID ANHYDRIDES 
5-2,1 Redactions with Lithium Aluminum Hydride 

The reactibn between carboxylic acid anhydrides and LAH usually pro- 
ceeds to yield primary alcohols. The following stoichiometric relation- 
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ship, indicating the consumption of one mole of LAH per mole of anhy¬ 
dride, is based on the determination of hydride consumed (101). 

(RC0\0 + LiAlH, -► LiAlOfOCHgR), (0-40) 

8.2.1. a Anhydrides of monobasic acids . The only reported reduction 
of the anhydride of a monobasic acid involves the reduction of benzoic 
anhydride to benzyl alcohol in 87% yield (32,101). 

8.2.1. b Anhydrides of dibasic acids . Among the non-aromatic anhy¬ 
drides, 2,2-dimethylsuccinic anhydride (LXII) has been converted to 2,2- 
dimethyl-l,4-butanediol (102). 


(CH,),C— C (CH,),C CHjOH 

/> ^ CH.CH.OH < M » 

"■ C -\ 

0 

LXII 

The maleic anhydride adduct of A 1 "'— ^ >a ^~allofurostadiene*3^i26"diol 
diacetate (LXIQ) is reduced with LAH in tecrahydrofuran solution to the 
tetrol (LXIV) (103). 



LXIQ 



(8-42) 


LXIV 
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The reduction of diacetyl-L-threaric anhydride (LXV) with LAH in a 
tetrahydrofuran-ether mixture followed by deionization gives an 18% yield 
of L-threitol (LXVI) on decomposition of the reaction product with water 
and a 32% yield on decomposition with ethanol. The low yield is at- 
tribuced to die removal of starting material or some intermediate from the 
reaction as an insoluble complex (104). 

CH a OH 

I 

HCOH 

r iii I 

o HOCH (8-43) 

CH a OH 

LXV LXVI 

The anhydrides of l-cyclohexene-4,5-dicarboxylic acid (LXVII) (105) 
and l,2-dimethyl-l-cyclohexene-4,5-dicarboxylic acid (LXVIII) (106) are 
also reduced to the corresponding diols. (The double bond in LXVIII is 
erroneously omitted in the abstract literature.) 

0 

X 0 ^ 

y a 9% 

O 

LXVII 



Y; 

CH »^ 
p— Y 

v^CHjOH 

(8-45) 

CH,^< 

b 

ch.Y 

' /N ‘ch j oh 




a 


CH,OH 

CHjOH 


(8-44) 




HCOCOCH, 

CH.COOCH 




LXVIII 

By comparison with LAH reduction it is of interest to note that the re¬ 
action of onte mole of succinic anhydride and six moles of phenylmag- 
nesium bromide in boiljng toluene yields ljl^^tetraphenyl-l^butane- 
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diol, i.e., the produce normally given by succinic esters (107). The an¬ 
hydride and phenyllithium in refluxing ether or in dioxane at room tem¬ 
perature or at -80° afford only a small yield of diphenyl and a large 
amount of a thick viscous oil (108). 

The LAH reduction of homophthflic anhydride (LXIX) by the method 
used for compounds with low ether soluhility, i.e., extraction from the 
thimble of a Soxhlec extractor, yields homophthalyl alcohol (LXX) (109, 
110). The reduction product may be accompanied by varying amounts of 
isochroman (LXXI), the internal ether of the diol (110). 



a CH a CH a OH 
CH.OH 

LXX 


H, 



H, (8-46) 
LXXI 


The reduction of phthalic anhydride with LAH by die extraction tech¬ 
nique yields over 80% phthalyl alcohol ($2,101,111,112). Papineau- 
Coucure, Richardson, and Grant carried out the selective reduction of 
phthalic anhydride to phthalide (LXXII) (68). By the addition of one-half 
mole of LAH in ether solution to an ethereal solution of one mole of the 
anhydride only one of the reducible groups reacts to yield 43% of the 
lactone (LXV1I). 


O O 

>“- 00 ” 

H, 

O 

LXXII 

Veygand and Tietjen attempted to reduce phthalic anhydride to o- 
phthalaldehyde by the reaction of the anhydride with a "calculated" 
amount of LAH. They obtained the corresponding amount of phthalyl 
alcohol and recovered unreacted phthalic anhydride without isolating any 
of the expected aldehyde (113). 

The LAH reduction of the anhydride of naphthalene-2,3*dicarboxylic 
acid (LXXIII) by the Soxhlet technique yields 2,3~di-(hydroxymethyl)* 
naphthalene (114,113). 
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In a similar manner, the reduction of naphthalic anhydride (LXXIV) yields 
the l,8-di-(hydroxymethyl) compound (116,117). 



In contrast, the reduction of the anhydride of naphthalene-1,2-dicarboxy lie 
acid (LXXV) with LAH in diethyl ether yields the naphthalide (LXXVI). 
Further reaction of the naphthalide (LXXVI) with LAH under the same 
conditions, i.e., reflux six hours in diethyl ether, does not give further 
reduction. When the reaction of the anhydride with LAH is carried out 
by refluxing three hours in di-rz-butyl ether the product is the diol (LXXVII) 
(115). 



The reduction yielding LXXVI as the final product strongly suggests 
the influence of steric hindrance on the reduction of the carbonyl in the 
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Imposition of LXXV. While triphenylacecic acid is not reduced at 23° 
(1) reduction is effected at higher temperatures (118). The reduction of 
2-beozyl-2,4-phenylbucanoic acid (LXXVIII) and 2-benzyl-2,3-diphenyl" 
propanoic acid (LXXIX) is carried out in refluxing di-^butyl ether (22). 

C.H, C.H, 

C.H.CHjCHjCCOOH C.HjCH^CCOOH 

CH,C,H, CH,C,H, 

LXXVID LXXIX 


Becker (119,120) has observed that the addition of tetraphenylphthalic 
anhydride (LXXX) to an ethereal LAH solution by Soxhlet extraction 
yields only the phthalide (LXXXI) even with three moles of LAH to one 
of the anhydride. 



LXXX 


LXXXI 


However, in contrast to the behavior of the naphthalide (LXXVI), the 
phthalide (LXXXI) is readily reduced to the couesponding diol in a sec¬ 
ond reaction. The failure of the first reaction to proceed beyond the 
phthalide stage might be attributed to the insolubility of die complex 
formed in the course of the reduction, except that no appreciable pre¬ 
cipitation occurs (119). An alternative explanation is based on steric 
factors of the type indicated by Fuchs and Vander Werf (121). Further, 
the anhydride is highly hindered. 

The reaction of phthalie anhydride and phenyllithium in dioxane yields 
a,a -diphenylphthalide (LXXXII) indicating reaction with only one of the 
carbonyl groups of the anhydride (108). The nature of the reaction be¬ 
tween the anhydride and a Grignard reagent is controversial. Bauer (122) 
obtained dialkylphthalides with alkylmagnesium bromides and claimed 
to havfr obtained diphenylphthalide with the phenyl Grignard reagent. On 
the other hand v Howell (123) claimed to have obtained 3-hydroxy-l l l l 3- 
triphenylbenzo[c]furan (LXXXUI) by the action of phenylmagnesium 
bromide. 
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Lxxxn Lxxxm 

8.2.l.c N-Carboxyanhydrides. The reduction of the N-carboxyanhy- 
dride of DL-phenylalanine (LXXXIV) with LAH by the Soxhlet extraction 
technique yields phenylalaninoi (LXXXV) as the major product accom¬ 
panied by N-methylphenylalaninol (LXXXVI) and N-forraylphenylalanine 
(LXXXVII) (124). 


LAH. 



CHjCHCHjOH 

NH, 



O 

LXXXIV 



!HjCHCH a OH 

NHCH, 


LXXXV 



CH,CHCOOH 

NHCHO 


(8-53) 


LXXXVI LXXXVII 

The formation of phenylalaninoi involves the cleavage of the carbamate 
grouping at the nitrogen-carbon bond although the N-methyl compound 
(LXXXVI) should be the expected product (Section 10.4). 

8.2.2 Redactions with Sodium Borohydrtde 

Anhydrides show only slight reduction on prolonged hearing with so¬ 
dium borohydride in dioxane or diethyl carbitol. Phthalic and succinic 
anhydrides are partially reduced under these conditions (84). Therefore 
the selective reduction of more active groups can be carried out without 
interference from anhydrides. 

8.8 ACYL HALIDES 

8.3.1 Redaction* with Lithium Aluminum Hydride 

The reduction of acyl halides with LAH consumes one-half mole of 
hydride per mole of acyl halide to yield, on hydrolysis, primary alcohols 
(52,101,125). 


2 RCOC1 + LiAlH* -»• LiAlCl 1 (OCH 1 R) a 


(8-54) 
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Phosgene, C1COC1, is reduced to methanol (32,126). Aliphatic and 
aromatic acyl halides are equally readily reduced to the corresponding 
alcohols. Halogen substituted acid chlorides such as mono-, di- v and 
trichloroacetyl chloride (2) and di- (127) and trifluoroacetyl (128) chloride 
have been reduced to die corresponding chloro- and fluoroechanols. Iso- 
topically labeled acetyl chloride has been utilized in the synthesis of 
ethanoI-2-C t4 (79,129)- Cox and Turner (79) have carried out the almost 
quantitative reduction of acetyl chloride-2-C 14 utilizing diethylene glycol 
diethyl ether as solvent for the LAH and ethylene glycol monophenyl 
ether for the alcoholysis of the intermediate complex. Attempts to re¬ 
duce acetic acid by the same technique failed to yield over 40% ethanol 
and resulted in the evolution of hydrogen. 

As indicated above, reduction of die acid chloride is of great utility 
where direct reduction of the carboxylic acid is difficult or troublesome. 
Thus, while chloro- and crichloroacetyl chlorides are reduced to the 
chloroethanols in over 60% yield, LAH reduction of chloroacetic and tri¬ 
chloroacetic acid proceeds in 13 and 31% yield, respectively (2). Simi¬ 
larly, triphenylacetic acid is not reduced with LAH in ether at 23° (1) 
while the acid chloride is readily reduced under these conditions (1,130). 

The fact that LAH reduction does not cause a change in the configura¬ 
tion of the Ot-cafbon has been utilized in the reduction of L(+>(X-chloro- 
propionyl chloride to L(+)-2-chioro- 1-propanol without loss of optical 
activity (131). 

The reduction of various acid halides with LAH is summarized in 
Table XXXV. 

LAH reduction of acid chlorides has been utilized in the degradation 
studies of various triterpenes. Thus, in studies on the structure of 
elemadienolic acid, elemonoyl chloride (LXXXVIII) has been reduced to 
the carbinol with LAH in ether in 91% yield (132). 


CjoH»i 




—CHjCHCOCl 
/CH. 


c—c( 


LAH 


C ie H„ 


> 


CH,CH(CH P ), 

LXXXVIII 


—CH a CHCH 1 OH 

)cH, 

./ 




A 


l—CHjCHfCH.)* 


(8-55) 


Quinovaic acid, a triterpene monohydroxy dicarboxylic acid, has been 
examined by Ruzicka and co-workers (41) and illustrates the utility of 
acid chloride reduction in structural analysis. Of the two carboxyl groups 
one can be readily transformed into an aldehyde or carbinol group while 
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2 -Fluoro-4-methoxybenzoyl chloride 2-Fluoro-4-methoxybenzyl alcohol 100 16 

2 > 4 v &TriniediylbeiizoyI chloride 2 l 4 l ^Trimethylbeiizyl alcohol 62 17 

Pentamethyl benzoyl chloride Pentamethylbenzyl alcohol 95 16 

Triphenylacecyl chloride 2,2,2-Triphenylethanol - 19»20 

Triphenylacetyl chloride-1-C* 2,2,2-Triphenylechanol-l-C* 21 p 22 
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catalytic reduction causes one carboxyl group to be split off. Quinovaic 
acid (LXXXIX) is readily transformed into 2-desoxyquinovaie acid or 
quiaovene dicarboxylic acid (XC). LAH reduction of XC reduces one 
carboxyl group to the carbinol and leaves the other unchanged. The re¬ 
duction of both carboxyl groups in LXXXIX or XC can be carried out 
using the diacid chloride. Flow Sheet II summarizes die various trans¬ 
formations carried out and indicates the conversions made possible by 
the reducibility of the acid chloride group with LAH in dioxane solution. 

Flow Sheet II 


r oh 
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LXXXIX 
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The LAH reduction of a phosphinyl chloride has been carried out to 
yield a phosphine oxide (133). Treatment of di-n-octylphosphinic acid 
with phosphorus pencachloride in benzene yields the phosphinyl chloride 
(XCI). Reduction of XCI with LAH in ether at low temperatures yields 
54% (based on the acid) of di-n-octylphosphine oxide. 


O 

t 

(C.H,,),? —OH 


PCI i 


O 

t 

(C,H 17 ),P —Cl 


LAH, 


o 

f 

(C,H„) 1 PH 


XCI 


( 8 - 56 ) 


8.9.2 Redactions with Aluminum Hydride 

Acetyl chloride has been reduced to ethanol in 54JS yield by means of 
the aluminum hydride-aluminum chloride addition compound (81). 

8.9.8 Reductions with Sodium Borokydrlde 

The reduction of acid chlorides with sodium borohydride is generally 
carried out in dioxane. The reaction is vigorous with aliphatic acid 
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chlorides but aromatic acid chlorides require heating. Simple acid chlo¬ 
rides are converted to the alcohols in good yield but unsaturated acid 
chlorides such as crotonyl and cinnamoyl chloride undergo reaction at 
the carbon-carbon double bond. The fact that in the latter cases unsat* 
urated alcohols could not be isolated is considered by Chaikin and Brown 
as indicating addition of the borohydride to the double bond forming a 
carbon-boron bond with the jS-carbon atom. This bond, in contrast with 
the compounds formed from LAH, is apparently resistant to hydrolytic 
fission (84). 

While phthaloyl chloride (XCII) is reduced to phthalyl alcohol in 94% 
yield with LAH (134), on reduction with sodium borohydride the major 
product is phthalide (84). 



(8-57) 


(8-58) 


Henne, Pelley, and Aim (135) have reported that while trifluoroacetyl 
chloride is reduced to 2,2,2-trifluoroethanol with LAH, no reduction oc¬ 
curs with sodium hydride or sodium borohydride. No conditions are given 
for the latter attempts. 

Various acid chlorides reduced with sodium borohydride are summarized 
in Table XXXVI. 


TABLE XXXVI 


Reduction of Acid Chlorides with Sodium Borohydride (B4) 


Acid chloride 

Product 

% Yield 

Benzoyl chloride 

Beazyl alcohol 

76 

n-Butyryl chloride 

n-Butanol 

81 

Cinnamoyl chloride 

Hydrocinnamyl alcohol" 

12 

Crotonyl chloride 

b 


Monoethyl succinate acid chloride 

Butyrolactone 

40 

Palmitoyl chloride 

Cetyl alcohol 

87 

o-Phithaloyl chloride 

fPhthalide 

IPhthalyl alcohol 

491 

13/ 


* Major product unhydrolyzable organo-boron material. 
b Reduction occurred but boron-free product not isolated. 
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The selective reducing action of sodium borohydride has been utilized 
in the reduction of acid chlorides containing hydantoin rings. Wilk and 
Close have shown that with LAH at least one carbonyl group in the hy¬ 
dantoin ring is reduced (136). Wessely, Schlogl, Korger, and Wawersich 
(137-141) have utilized sodium borohydride in the reduction of the acid 
chloride group in determining the constitution of hydantoin peptides. 


RjCH — 


NH — 


\ 

/ 


R,CH— 


—CHCOCI 

I 

R* 


NlBH, 


\ 


o 

XCIII 


N—CHCH,OH 

i, 

0 


I 


HC1-H, 


R.CHCOOH RjCHCHjOH 

I + I 

NH, NH, 


(8-59) 
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Ra 

Ref. 

H 

CHjC«H. 

140 

CH, 

CH a CH(CH a ) a 

141 

(CH]),CHCH, 

CHj 

140 

CjHjCH, 

H 

137,139 

(p)HOC*H 4 CH 1 

CHj 

140 


(CH,),CHCH,CH — 


\ 


NH—Q 


/ 


NCH,CONHCHCOCl 
CHjQH, 


XCIV 


1. NbBH 4 

2. Hydroly.li 


(8-60) 


(CH,),CHCH,CHCOOH + H,NCH,C00H + C i H,CH 1 CHCH,OH 
NH, NH, 

8>9.4 Reductions with Potassium Borohydride 

Acid chlorides are reportedly reduced in inert solvents in high yields 
by means of potassium borohydride (142). 
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B.S.5 Redactions with Lit hi an Borohydrlde 

Lithium barohydride reacts rapidly at room temperature with acid chlo¬ 
rides according to the equation (143): 

2 LiBHi + 4 RCOC1 -> LiQ + BC1, + LiB(OCH a R) 4 

J H »° (8-61) 

4 RCHjOH + LiBO a 

B.S.6 Reductions with Alumianm Borohydrlde 

Phosgene reacts violently with aluminum borohydride to yield diborane v 
carbon monoxide and hydrogen, among the identifiable products (144). 
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CHAPTER 9 


Reduction of 

OXYGEN-CONTAINING ORGANIC COMPOUNDS 
III. Carboxylic Acid Derivatives 
(Esters. Lactones, Enol Esters) 

9.1 ESTERS 

9.1.1 Redaction with Lithium Aluminum Hydride 

The conversion of esters to primary alcohols represents probably the 
area of greatest application of LAH reductions. The reduction consumes 
one-half mole of the hydride for each mole of ester reduced, according to 
the equation (1,2): 

2 RCOOR' + LiAlH, -* (RCHjO^R'O^LiAl (9-1) 

2*2+ 2 RCHjOH + 2 R'OH + LiAlO, 

The yields of alcohols are generally good, the quantitative nature of the 
reduction having been established by the work of Nyscrom and Brown (1) 
and Hochstein (3). 

An insight into the influence of adjacent groups has been obtained by 
the work of Eliel and Freeman (4). In the LAH reduction of optically 
active methyl 2-chloro-2-phenylpropionate (I) the ester group is reduced 
to the carbinol, as expected. However, the product of the reduction is 
partially racemized 2-phenyl-2-propanol. It is proposed that the reduc¬ 
tion of the ester leads to the chlorohydrin anion which undergoes a hy¬ 
dride shift with loss of chloride ion to form 2-phenylpropanal. Reduction 
of the latter yields the carbinol. 

C t H i CCl(CH,)COOCH 1 C.H.CCKCH.JCH^O® 

1 -ci®j°H e (S^2) 

CH,CH(C.H i )CHO CH,CH(C,H,)CH 1 OH 

Actually reduction of the chloroester (I) with one-half mole of LAH yields 
11% of 2-phenylpropanal on acid hydrolysis, and 18% of (X-methylstyrene, 
on basis hydrolysis. Both of these products are presumed to have been 
formed from the primary reduction product, the chlorohydrin, during the 
isolation process. 

9-l.l.a Reduction of carbinol esters to the parent carbinols . The 
LAH reduction of the esters of various carbinols has been utilized where 
the parent carbinols were the desired products. 

O 

R'OCR R'OH (9-3) 
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The reduction of the acetyl derivative has been utilized for die purifi¬ 
cation of a hydroxy compound. Thus, terranaphthol (VII), a phenolic by¬ 
product from the alkaline degradation of terramycin, has been purified 
through the triacetate by the reductive cleavage of the acetyl groups with 
LAH (9,10). 

CH, CH, 

H.OAc 

(9-4) 


OH AcO OAc 

VII 

Cram has carried out a study of the solvolysis of the tosylates of the 
stereoisomers of 3-phenyl-2-butanol, 2-phenyl-3-bucanol and 2-phenyl-3- 
pentanol. The reaction of the tosylates with acetic acid yields a mixture 
of olefins and acetoxy compounds which are converted by LAH to mix¬ 
tures of alcohols and olefins. These two classes of components are then 
quantitatively separated by chromatographic methods (11). The solvoly¬ 
sis of fJbreo-3,4-diniethyl-4-phenyl-3-hexyl-p-hromobenzoate yields an ole- 
finic mixture resulting from intramolecular rearrangement. The mixture is 
treated with LAH and the fact chat the olefin isolated after the reduction 
has the same refractive index as the material which is obtained in the 
solvolysis demonstrates that no acetate is formed in the solvolysis (12). 

The attempted LAH reduction of 4-acetoxymethyl-3-carboxy-6-methyl- 
2-pyridol (VIII) has been unsuccessful as has been the reduction of the 
lactone of 3-carboxy-6-methyI-4-hydroxymethyl-2(l)-pyridone (IX) (13). 
lO-Acecoxy-^methyl-l^-benzanchracene (X) is not reduced by LAH, zinc 
dust-sodium hydroxide or aluminum isopropoxide (14). 





VIII IX X 


The LAH reduction of N-(Ot-acetoxybenzyl)acecanilide (XI) yields the 
cleavage products N-ethylaniline and benzyl alcohol as well as N-ethyl- 
N-phenylbenzylamine (XII) (15). The formation of XII rather than the hy- 

, II 

droxy compound is due to the cleavage of the —NCO ljpkage as dis¬ 

cussed in Section 12.17. 
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Reference*—Table XXXVII 

1 Mixture from reaction of p-coluenesul foam tee of stereoisomers of >pheayl-2- 
buteaol with sodium formate and formic acid. 

a D. J. Cram, J . Am. Cbm . Soc., 74. 2129 (1932). 

1 Reduction carried out in tetrahydrofuran. 

4 T, R. Ames p G. S. Davy, T. G. lialsallp and E. R. H. Jones, /. Cbem. Soc*, 
1952. 2968. 

*L. I. Gidez and M.L. Karnovsky, J. Am. Cbem. Soc.. 74. 2413 (1932). 

•A. P. Doerschukp ibid.. 73. 821 (1951 Y. 74. 4202 (1952). 

*M. Prostenik and J. BiScan, Arkiv Kami, 22, 177 (1951); Cbem. Abstracts. 46, 
3951 (1952). 

a D. J. Crain, /. Am. Cbem. Soc., 74. 2137 (1952). 

’Mixture from acetolysis of p-toluenesulfooates or p-bromobenzenesulfonates 
of stereoisomers of 3-phenyl-2-butanol. 

W D. J. asm, J. Am. Cbem. Soc., 71. 3863 (1949)- 

ii Mixture from acetolysis of p-toluenesulfonaces of stereoisomers of 3-phenyl- 
2-butanol at 75° • 

U R* Goutarel, M. M. Janot, V. Prelog, and W. I. Taylor, Helv. Cbim. Acta, 33» 
150 (1950). 

lf S. R. Finn and J. W. G. Musty, Chemistry and Industry, 1950. 677; J. Applied 
Cbem. (London). 1. 182 (1951). 

14 Mixture from acetolysis of p-toluenesulfonates of stereoisomers of D-fbreo- 
and D-ffryf&ro-2-phenyl-3-pentanol and D-tbreo- and D-erythro* 3-phenyl-2- 
pentanol. 

la D. J. asm, J. Am. Cbem. Soc.. 74. 2159 (1952). 

U CW Eng. News. 30. 1872 (1952). 

&f Product was syrup containing indicated material as major component. 
la C. F. Huebner and C.R. Scholz, J. Am. Cbem. Soc., 73, 2089 (1951). 

1V G. Carrara and G. Weitnauer, Case. cbim. ital. 9 79, 856 (1949). 
ao Lepetit S. A., Brit. Pat. 679,028 (September 10, 1952). 

"Isolated as hydrochloride. 

"W. L. Garbrecht, J. H. Hunter, and J. B. Wright, /. Am. Cbem. Soc., 72, 1359 
(1950). 

aa E. Adler and K. J. Bjorkqvist, Acta Cbem. Scand., 5, 241 (1951). 
aa A. W. Burgstahler, ]. Am. Cbem. Soc., 73. 3021 (1951). 
aa Isolaced and purified as triacetate from alkaline degradation of terramycin. 
a# R. Pasternack, A. Barley, R. L. Wagner, F. A. Hochstein, P. P. Regna, and 
K. J. Brunings, J. Am. Cbem. Soc.. 74, 1926 (1952); F. A. Hochstein, C. R. 
Stephens, L. H* Conover, P. P. Regna, R. Pasternack, P. N. Gordon, F. J. 
Pilgrim, K. J. Brunings, and R. B. Woodward, ibid., 75. 5455 (1953). 
"Reduction carried out in benzene-ether mixture. 
aa G. Fodor, J. Kiss, and I. Sail ay, ], Cbm . Soc., 1951, 1858. 

"N. H. Cromwell and F. W, Starks, J. Am. Cbem. Soc., 72, 4108 (1950). 

M M. Mousse ran-Cane t and R. Jacquier, Bull soc. cbim. France, [ 5 ] 19. 698 
(1952); M. Mousse ton, R. Jacquier, M. Mousseron-Canet, and R. Zagdoun, 
ibid., [5] 19. 1042 (1952); Compt. rend.. 235, 177 (1952). 

8i S. Winstein and D. Trifan, ]. Am. Cbem. Soc., 74, 1147 (1952). 

B# S. Winstein and D. Trifen, ibid., 74. 1154 (1952). 

M J. D. Roberts and C C. Lee, ibid., 73, 5009 (1951). 

M J. a Roberts and W. F. Gorham, ibid., 74, 2278 (1932). 

"Reduction carded out in dioxane-ether mixture. 
aa R. Gcewe and E. Nolle, Ann., 575, 1 (1951). 
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,T M. Hinder end M. Stoll, Helv. Cbim. Acta, 33. 1308 (1950)* 

1B K. Freudenberg and G. Gehrlee, Cham. Bar,, 84, 443 (1951)- 
W J. H* Freemen, /. Am. Cham. Soc., 74, 6257 (1952). 

"B. Wickop end ). B* Patrick, ibid,, 74, 3861 (1952). 

“A. A. Bothner-By, ibid., 73, 4228 (1951). 

"C. F. H. Allen and J. R. Byers, Jr., U. S.Pat. 2,545,439 (March 20, 1951). 
"Isolated as benzoate after treatment of lithium salt with benzoic anhydride. 

"C. F. H. Allen and J. R. Byers, Jr., Science, 107, 269 (1948); /. Am. Cbem . 
Soc., 71. 2683 (1949). 

"Isolated as acetate and phenylacetate after treatment of lithium salt with 
acetic anhydride and phenylacetic anhydride, respectively. 

"K. Freudenberg and R. Dillenburg, Cbem. Bet., 84, 67 (1951). 

4T K. Freudenberg, R. Kraft, and W. Heimberger, ibid., 84, 472 (1951). 

"K. Freudenberg and H. H. Hubner, ibid., 85, 1181 (1952). 

"R. G. Jones and E. C. Komfeld, ]. Am. Cbem. Soc., 73, 107 (1951). 

"Reduction carried out in a tetrahydrofuran-ether mixture. 

"R. K. Ness, H. G. Fletcher, Jr., end C. S. Hudson, ]. Am. Cbem. Soc., 73, 
4759 (1951). 

"Based on starting ^L-rhamnopyimnose tetraacetate. 

"R. K. Ness, H. G. Fletcher, Jr., and C. S. Hudson, J. Am. Cbem. Soc,, 72 9 
4547 (1950). 

"Based on starting /3-D-glucopyranose pentsacetate. 

"Based on starting a-D-mannopyranose pentaacetate. 

IS R. K. Ness, H. G. Fletcher, Jr., and C S. Hudson, ]. Am. Cbem. Soc., 73, 
3742 (1951). 

"C. Dj eras si, G. Rosenkranz, J. Romo, S. Kaufmann, and J. Pataki, ibid., 72 9 
4534 (1950). 

la S. Kaufmann, J. Pataki, G. Rosenkranz, J. Romo, and C. Dj eras si, ibid., 72 , 
4531 (1950). 

*G. Papineau-Couture, E. M. Richardson, and G. A. Grant, Can. J. Research, 

27B, 902(1949). 

“S. Kaufmann and G. Rosenkranz, U. S. Pat. 2,555,344 (June 5, 1951); Syntex, 
S. A., Brit. Pat, 661,805 (November 28, 1951). 
fl C. Dj eras si, G. Rosenkranz, J. Romo, J. Pataki, and S, Kaufmann, J. Am. 
„ Cbem. Soc., 72, 4540 (1950). 

a A. S. Julia, P. A. Plattner, and H. Heusser, Helv. Cbim. Acta, 35, 665 (1952). 
"Isolated as diacetate. 

M D. K. Patel, V. Petrow, R. Royer, and L A. Stuart-Webb, J. Cbem. Soc., 1952 9 
161. 

"Isolated as 3£, 2l-dieeetoxypregnsp 5,17-diene after treatment with nitrous add 
and acetylation. 

"J. Romo, G. Rosenkranz, and G. Dj eras si, J. Am. Cbem. Soc., 73, 54B9 (1951). 
"Mixture of epimers. 

"P. L. Julian, E. W. Meyer, and L Ryden, J. Am. Cbem. Soc., 71, 756 (1949). 

"Giba Ltd., Brit. Pat. 665,254 (January 16, 1952); Ciba, S. A., Fr. Pat. 994,615 
(November 20, 1951); P. Plattner, Ger. Pat. 834,B4B (May 15, 1952). 

*P. Plattner, U. S. Pat. 2,599,481 (June 3, 1952). 

T& Iaolated as triacetate. 

T| C. Djerassi, G. Rosenkranz, J. Pataki, and S. Kaufmann, J. BioL Cbem., 194, 
115 (1952). 

TI H. Hirschmann and F. B. Hirschmann, ibid., 184, 259 (1950); H, t Hirschmann, 
M. A. Daus, and F. B. Hirschmann, ibid., 192, 115 (1951). 
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’"Isolated as molecular compound of two epimeric discernces. 

TI R. B. Turner and D a Mi Voicle, /. Am. Cbem. Soe., 73. 2283 (1951)- 
TC H. Hirschmann and F. B. Hirschmann, /. Bio/. Chem,, 187. 137 (1930)* 

T7 J- Pataki, G. Rosenkranz, and C Djerassi p /. Am. CAem, Soc., 74, 3436 (1952). 
?B P. A. Plactner, H. Heusser, and M. Feurer, Helv. Cbim. Acte, 31, 2210 (1948). 

W L Salamcn, Helv . Chim. Acfa, 32, 1306 (1949). 

"Isolated as acetone condensation product (spiro-oxazolidene). 

B1 H. Heusser, P, T. Herzig, A. Furst, and P. A. Planner, Helv. Cbinu Acta , 33« 
1093 (1950). 

al D. Magrach, D. S. Morris, V, Petrow, and R. Royer, /. Cbem. Soc., 1950, 2393- 
U A. C. Oct and M. F. Murray, Abstracts of Papers, 113th Meeting American 
Chemical Society! Chicago, Ill., April 1948, p. 17K. 

"Isolated as diacetate after acid cleavage of the enol ether and acetylation. 

BI P. L. Julian, E. W. Meyer, W. J. Karpel, and W. Cole, J. Am. Cbenu Soc., 73, 
1982 (1951). 

M L. H. Saretc, M. Feurer, and K. Folkers, ibid., 73, 1777 (1951). 

B, P. L. Julian, E. W. Meyer, and I. Ryden, ibid., 72, 367 (1950). 

"Product from permanganate oxidation of 3£,2l-diacecoxy-20-cyanopregna-5,17- 
diene, Cj^uNOt, and 3/3,21-diacetozy-5,6-dihroino-20"cyano-17-pregnene a 
C at H|i Br a N0 4 . 

"J. Heer and K. Miescher, Helv. Cbinu Acta, 34, 359 (1951). 

M C. Dj eras si, E. Batres, J. Romo, and G. Rosenkranz, J. Am. Cbem. Soc., 74, 
3634 (1952). 

Bi G. Roaenkranz, J. Pataki, and C. Djerassi, ]. Org. Cbem., 17, 290 (1952). 

,a J. Romo, G. Rosenkranz, and C. Djerassi, ibid., 17. 1413 (1952). 

BS A« L Ryer and W. 11, Gebert, J. Am. Cbenu Soc., 74, 4336 (1952). 

B *G. H. Alt and D. H. R. Barton, Chemistry and Industry, 1952, 1103- 
vfl P. Bladon, H. B, Hen best, and G. W, Wood, /. Cbem. Soc., 1952, 2737• 
"Reduction carried out in ether, diozane or teirahydrofuran. 

VT H, J. Ringold, G. Roaenkranz, and C. Djerassi, ]. Am. Cbem. Soc., 74, 3318 
(1952). 

BB C« Djerassi, E. Batres, M. Velasco, and G. Rosenkranz, ibid., 74, 1712 (1952). 
M B. Ellis and V. Petrow, J. Cbenu Soc., 1952, 2246. 

""Isolated as di benzoate. 

101 L. F. Fieser, M. Fieser, and R. N. Chakravarti, J. Am. Cbem. Soc., 71, 2226 
(1949). 

4oa K. Abildgaard-Elling, Brit. Pat. 656,388 (August 22, 1951). 

1M D. H. Hey, J. Honey man, and W, J, Peal, J. Cbem. Soc., 1952, 4836. 

1M L. F. Fieser, J. E. Herz, M. W. Klohs, M. A. Romero, and T. Utne, /. Am. 
Cbem. Soc., 74, 3309 (1952). 

10S P. A. Plactner, H. Heusaer, and A. B. Kulkarni, Helv. Cbim. Acta, 32, 1070 

(1949). 

""P. A. Plactner, H. Heusser, and A. B. Kulkami, ibid., 31, 1885 (1948). 

W P. A. Plactner, H. Heusser, and M. Feurer, ibid., 32, 587 (1949). 
wt H. Hirschmann, F. B. Hirschmann, and M. A. Daus, J. Am. Cbem. Soc., 74, 
539 (1952). 

""Postulated as 3£-acetoxy-9o, llot-oxidoergostn-7,22-diene (Heusser, Eichen- 
berger, Kurath, Dallenbach, and Jeger, Helv. Cbim. Acta, 34, 2106 (1950 
or 3£-acetoxy-7f,8f-axidoergosta-9(ll) l 22-diene (Budziarek, New bold, Ste¬ 
venson, and %>ring, Chemistry and Industry, 1951, 1035). 

110 R. Budziarek, G. T. New bold, R. Stevenson, and F. S. Spring, J. Cbem. Soc., 
1952, 2892. 
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“isolated as tetraacetate. 

i“A. Sandoval, J. Romo, G. Rosenkranz, S. Kaufmann, and C Djeraaai, J. Am. 
Chem. Soc., 73, 3820 (1951). 

“ a R. H. Levin, G. B. Spero, A. V. McIntosh, Jr., and D. E. Ray man, ibid., 70, 
2958 (1948). 

1I4 H. Heusaer, R. Anliker, K. Eichenberger, and O. Jeger, Helv. Chim. Acta f 33, 
936 (1952). 

“'Isolated as 3,23-diacetate. 

“ B W, A. Jacobs and Y. Sato, /■ Biol. Chem., 191 ■ 71 (1951). 

&i, A. L. Nussbaum, A. Sandoval, G. Roaenkranz, and C. Djerassi, J. Org. Chem., 
17, 426 (1952). 

“'Products of the reaction between isodebydrocholesteryl p-nicrobenzoate and 
mercuric acetate. 

“'D. H. R. Barton and W. J. Rosenfelder, ]. Chem. Soc., 1951 • 2381. 

1J0 G. S. Davy, E. R. H. Jones, and T. G. Halsall, Rec. trav. cbim., 69, 368 (1950). 
lal Isolared as 2-acetoxynorolean-16,lE^diene after treatment of reduction product 
with acetic anhydride and pyridine. 
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OCOCH. 


C.H.CH—N—COCH, 


LAH. 


C,H * C,H,CH,OH + C.H.NHC.H, + C,H,CH I NC,H, (9-5) 
XI 

CA 

XU 


The LAH reduction of moradiol diacetate oxide (XUI), followed by 
acetylation, is repotted to yield a mixture of unexpected products, i.e., 
2 -acetoxynorolean-l 6 , lB*diene (XIV) and a 13(18>ene-19,28.oxide-2. 
acetate (XV). The reaction is postulated as proceeding according to the 
following scheme ( 16 ): 



(9-5) 
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Various examples of the intentional retention of the acetoxy group have 
been reported. Thus, while the reduction of the ethyl esters of N,0- 
diacetylphenylserine (XVI) (17) and N-dichloroacetyl-O-acetyl-p-nitro- 
phenylserine (XVII) (18) results in the conversion of die O-acetyl group 
to a hydroxyl group, a recent British patent includes die retention of both 
the Oacetyl as well as the N-acetyl groups in the LAH reduction of XVI 
(19). 


NHCOCHi 


^XHCHCOOQHi 
J) OCOCH, 


XVI 


O s N 



NHCOCHC1, 

CHCHCOOC.H, 

U ococh* 

xvn 


Papineau-Couture, Richardson and Grant have carried out the selective 
reduction of the carbonyl group in dehydroepiandrosterone acetate (XVIII) 
by the inverse addition of one-quarter mole of LAH to an ethereal solu¬ 
tion of XVIII. Treatment of the crude reduction product with benzoyl 
chloride in pyridine gives an 80% yield of the 3-acetate-l 7-benzoate (20). 



1. LAH/4 

2. H a O 

3. C,H|COCl 



An alternative method of selective reduction is the utilization of low re¬ 
action temperatures. Thus, the ^trimethylacetate group in dehydro¬ 
epiandrosterone trimethylacetate is retained during reduction at -15° to 
yield 83% of 3-androsten»3 p 17-diol 3-trimethylacetate (21). The trimethyl- 
acetoxy group in estrone trimethylacetate is readily reduced with LAH 
under the usual conditions to quantitatively yield /3-estradiol (22). 

The LAH reduction of esters such as benzoates and p-nitrobenzoates 
has been utilized in place of alkaline hydrolysis with methanolic potas¬ 
sium hydroxide where the latter causes undesirable dehydration or resinifi- 
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cation. This reductive hydrolysis has been applied after the separation 
of mixtures of isomeric compounds by fractional or other prolonged re¬ 
crystallizations. Thus, ergosterol and 14-dehydroergosterol have been 
separated by recrystallization of the mixed benzoates and the parent 
sterols have been isolated after LAH reduction (23). The LAH reduction 
of (+^pulegone affords a mixture of isomeric pulegols which have been 
converted to the corresponding p-nitrobenzoates. The latter, after separa¬ 
tion by recrystallization, have been cleaved by LAH to yield the individual 
pulegols (24). The LAH reduction of the p-bromobenzoates of the stereo- 
isomeric 3» 4-dimethyl-4-phenyl-3-hexanols has permitted the isolation 
and characterization of the parent carbinols (23). 

The resolution of several carbinols has been carried out by means of 
the hydrogen phthalates by the following scheme (26-26): 


(±) carbinols 


phthallc anhydride 


(±) hydrogen phthalates 


brucine 


(±) brucine salts of hydrogen phthalates 

| fractional eryetnlUsatlon 

v l 


(-)-brucine salt 


HCl 


(+)-brucine salt 


HCl 


(-)-hydrogen phthalate 


LAH 


(+>hydrogen phthalate 


LAH 


(+)-carbinol 


(-^carbinol 


The attack of the nucleophilic LAH on the carbonyl group permits re¬ 
generation of the optically active alcohol from the hydrogen phthalate 
without racemization. 

Soffer, Parrotta, and Di Domenico (29) reported that the LAH reduction 
of nitrates initially yields nitrous oxide and hydrogen. Hydrolysis of the 
reduction product yields ammonia, hydrogen and the parent alcohol in 
excellent yield. Although the Gilman-Schulze color test indicates that 
two moles of LAH react per mole of nitrate, under these conditions yields 
of alcohols are low and considerable amounts of unreacted esters are re¬ 
covered. From a plot of the moles of gas evolved during the reduction 
step per mole of ester it has been determined that 3.3 moles of LAH per 
mole of nitrate are required for complete reaction. Four moles of gas are 
evolved in the reduction step per mole of nitrate. 
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The following nitrates have been reduced to the parent alcohols in 87- 
98% yield (29): n-hexyl nitrate, 2-octyl nitrate, cyclohexyl nitrate, cis- 
cyclohexane-l,2»diol dinitrate, frans-cyclohexane-l,2-diol dinitrate. The 
reduction of nitrocellulose, containing 13-0 to 13.9% nitrogen, with LAH 
in tetrahydrofuran results in complete denitration as evidenced by the 
absence of a nitrate absorption band in the infrared and by a negative di- 
phenylamine sulfonic acid test. Viscosity measurements in cuprammo- 
nium solution have revealed, however, chat extensive degradation of the 
polymer has occurred (29). 

Ansell and Honeyman (30,31) have carried out the LAH reduction of 
sugar nitrates in refluxing ether. Thus, the reduction of 4,&propylidene- 
(X-methyl-D-glucoside 2,3-dinitrate (XIX) yields 43% of 4,^propylidene- 
a-methyl-D-glucoside (XX) accompanied by 19% of the 3-nitrate and 31% 
of the initial 2,3-dinitrate. 


H<t0CH,| 

HCONO, 

0,N0CH 

I 

HCO_ 




CHCjH, 


(9-7) 


Similarly the reduction of 4,<^ethylidene-/9-methyl-D-glucoside 2,3-di¬ 
nitrate yields 43% of 4,6-ethylidene-/S-methyl-D-glucoside, 3% of the 3- 
nitrate and 23% of the initial 2,3-dinitrate. Under the conditions em¬ 
ployed, i.e., less than two moles of LAH per mole of ester, unchanged 
nitrate is recovered even after refluxing for two days. 

The LAH reduction of nitrites produces relatively more nitrous oxide 
and less ammonia than the reduction of nitrates. The alcohols are ob¬ 
tained in 87-98% yield. Although the Gilman-Schulze test indicates the 
reaction of one mole of LAH per mole of nitrite, measurement of the 
evolved gases, 2.6 moles per mole of nitrite, indicates that 1.8 moles of 
LAH per mole of nitrite are required for complete reaction (29)* 

The following nitrites have been reduced to the alcohols (29): n-hexyl 
nitrite, 2-octyl nitrite, cyclohexyl nitrite. 

Karrer and Jucker (32) reported that cetyl phosphate (XXI) is reduced 
with LAH in ether to 38% cetyl alcohol, phosphoric acid and phosphine. 
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OH 

CH,(CH,)„OP =0 *42+ CH l (CH 1 )| l OH + H,P0 4 + PH, (9-8) 
OH 

XXI 

The reduction of lecithin (XXII) yields fatty alcohols, glycerol, choline, 
phosphoric acid and phosphine. 

ch,ococ„h, b+i 

HCOCOC m H lin+l 

LAH 

0 

ClljO —P —OCH,CH 2 N(CHj), 

0 - 

XXII 

CHjOH 

CHOH + C n H, n+I CH,0H + C m H Joi+t CH J 0H 
CHjOH 


6 

+ HOCH,CH,N(CH,), + H,P0 4 + PH, (9-9) 
OH® 

9.1.1.b Reduction of esters to alcohols . The LAH reduction of esters 
to the corresponding primary alcohols has been widely used for the syn¬ 
thesis of monofunctional as well as difunctional compounds. 

RCOOR' *4SU RCH,OH (9-10) 


COOR' 

(C^,). 

COOR' 


^CH,OH 

(CH,)„ 

CH,0H 


(9-11) 


1. Aliphatic carboxyl at es. The reduction of die esters of various ali¬ 
phatic acids yields alkanols while malonic esters (33) and succinic esters 
(34) are converted to 1,3-propanediol and 1,4-butanediol, respectively. 
Substituted 1,3-propanediols are prepared by reduction of the correspond¬ 
ing malonic ester (XXIII). Satisfactory yields have been reported where 
R is hydrogen or alkyl and R' is alkyl or aryl. Yields are poorer when 
R is an alkoxy or aryloxy group or an arylmercapto group. 
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R\ yCOOC,H, ^ R\ /CH.OH 
R'/ \:OOC a H, R'/ VHjOH 

xxra 


(9-12) 


Reduction of diethyl 2-ethyl-2-ethyImercaptomalonate (XXIII: R * CjHj; 
R / as SC a H B ) appeared to proceed normally although none of the desired 
diol could be isolated (33). 

Overberger and Roberts have prepared 2-alkyl- 1,4-butanediols in 85- 
96% yield by the LAH reduction of the corresponding succinic esters 
(33). Catalytic hydrogenation of the substituted succinic ester over 
copper chromite at 300 atmospheres pressure at 250° is reported to pro¬ 
ceed in less than 30% yield (35,36). 

An interesting comparison in the effects of various reduction methods 
has been reported in the case of diethyl 2-(2-pyridylethyl)malonate (XXIV). 
While LAH reduction yields the expected 1,3-propanediol (XXV), catalytic 
hydrogenation over Raney nickel at 200 atmospheres at 145° yields 3- 
carbethoxy-4-ketoquinolizidine (XXVI) and hydrogenation over copper 
chromite at 250 atmospheres at 260° yields a mixture of quinolizidine 
(XXVII) and 4-ketoquinolizidine (XXVIII) (37). 



0 

xxvn xxvrn 


(9-15) 

Several examples of cyclizacion occurring in the course of the LAH re¬ 
duction of esters have been reported. Thus, the reduction of triethyl 
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ethane-1,1,1-triacetate (XXIX) at 18° yields the (ris-(2-hydroxyethyl)- 
ethane (XXX) while reduction at 35° yields 4-methyl-4-(2-hydroxyethyl)- 
tetrahydropyran (XXXI) as the major product (38). 



+ XXX 

(9-17) 


The reduction of diethyl L- glutamate (XXXII) yields L-2-amino-l,5- 
pentanediol accompanied by L-2-hydroxymethylpyrrolidine (39). 

O O 


CjH.OCCHjCHjCHCOCjHg 


LAH. 


NH, 

XXXII 


H,G-CH, 


HOCH.CHjCHjCHCHgOH + 
NH, 



N 

H 


CHCHjOH 


(9-18) 


A similar cyclization involving an cu-amino alcohol has been reported in 
the LAH reduction of ethyl 2-decyl-2,4-dicyanobutyrate (XXXIII) (40). 

CN 


CioHa.CCHjCHgCN 

COOC,H, 

XXXIII 


LAH 


CH,NH a 

CjqHjjCCHjCHjCHjNH, + 

CH,OH 


C| 0 H al - 

H,NCH,Py > 

H 


(9-19) 


The LAH reduction of enolizable aliphatic esters is influenced by the 
degree of enolization. The attempted reduction of diethyl ethoxymethylene- 
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malonate (XXXIV) yields 5% of diethyl methylenemalonete (41) while no 
reduction occurs in the case of the 0-ethyl derivative of ethyl acetoace- 
tate (XXXV) (41) and the dimethyl ester of tX,Ot'-dihydxoxymuconic acid 
(XXXVI) (42). 


/COOCgH, 

C,H,OCH=C( 

XZOOCjH, 

XXXIV 


LAH 


CH, = 


yCOOQH, 

^OOC^H, 


(9-20) 


PCjH, 


OH 


OH O 


CH t C=“CHCOOC 1 H I 

XXXV 


CH.OC—C =CH —CH=C—COCH, 
XXXVI 


The yield of 2-substituted 1,3-butanediol obtained in the LAH reduction 
of substituted ethyl acetoacetate increases as the size of the substituent 
increases probably due to hindrance to enolization (43). 

The reduction of <X-aminocarboxylic acid esters has been utilized for 
the synthesis of aminoalcohols without attendant racemization (44). 
Bergmann v Bendas, and Taub (43) reported that the condensation of p- 
nicrobenzaldehyde with glycine ethyl ester gives the thre o form of the 
/3-p-nitrophenylserinate (XXXVII) which on reduction with LAH leads to 
the racemic form of threo- 2-amino- 1-p-nitropheny 1-1,3-propanediol 
(XXXVIII). Alberti et al . showed that the p-nitrophenylserine produced 
by the above condensation has the erythro or alio configuration (46). 
Holland and Nayler reported that the condensation does not give exclu¬ 
sively the erythro form, although this is the main product, since paper 
chromatography has revealed the presence of both forms. They have pro¬ 
posed that the LAH reduction reported by Bergman et al. was carried out 
on a crude reaction product containing both forms, and that the fortuitous 
isolation of the threo rather than the erythro form of the diol was respon¬ 
sible for the erroneous assignment of configuration to the main condensa¬ 
tion product (47). 




CH—CHCOOCjH, 


LAH. 


OH NH, 

xxxvn 


jy 


CH—CHCH,OH 

I I 

OH NH, 

xxxvin 


( 9 - 21 ) 


The ready reduction of the ester group with LAH permits its selective 
reduction in die presence of other functional groups. Thus, ethyl p-nicro- 
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phenylacetate, ethyl 2,2-diethyl-3-oximinobutyrate and ethyl 2,2-dibenzyl- 
2-acetamidoacetate are reduced, by inverse addition, to the correspond¬ 
ing carbinols while the nitro, oximino and acetamido groups, respectively, 
are retained intact (46). Selective reduction involves the use of the 
calculated amount of LAH but may or may not require inverse addition. 
LAH has been used for the reduction of the terminal carboxyl groups 
(esterified or free) of a peptide to primary alcohols while retaining the 
amide linkages (49). 

Carrara, Pace, and Cristiani (JO) have found that the selective reduc¬ 
tion of ethyl erythro D,L and DL-/S-p-nitrophenylserinate (XXXVII) to the 
corresponding 1,3-propanediols can be carried out in practically quantita¬ 
tive yield by the employment of somewhat less than the quantity of LAH 
calculated for the blocking of the amino and hydroxyl groups and the re¬ 
duction of the ester group. They propose that the LAH reacts first with 
the oxygenated functions, i.e., hydroxyl and ester, and subsequently with 
the nitrogenated functional groups, i.e., amino and nitro groups. Attempts 
to apply a variety of reaction conditions for the selective reduction of 
ethyl f£reo-DL-jS-p-nitrophenylserinate and its optical antipodes gave 
only red oils which gave reactions characteristic of azo compounds. 

The use of low temperatures permits the reduction of a diester to a 
hydroxyester. Nystrom and Brown reported that the attempted selective 
reduction of sebacic acid and its half ethyl ester with the calculated 
amount of LAH in refluxing ether gives a mixture of diol and unchanged 
acid and suggested experimentation at lowered temperatures (51). Bach- 
mann and Dreiding reported that while the reduction of methyl cis-(2- 
meihyl-2-carbomethoxycyclohexyl)acetate (XXXIX) at room temperature 
gives an 80% yield of the diol (XL), reduction at -15° results in the 
selective reduction of the primary carbomethoxy group (52). 

CH, 

■ ■ 



CH,OH 

CHjCHjOH 


( 9 - 22 ) 
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LAH Reduction of R'C—OR—► R'CHjOH (R = alkyl) 
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The influence of temperature is illustrated in the reduction of ethyl 
2-(l'inethyl-4*isopiopylphenyl)acetate (XLII) to the corresponding ethanol 
(53). 

CH. CH, 

CH,COOC a H, X. ✓CHjCH.OH 

L “ r J (9-24) 

A A 

CH, CH, CH, CH, 

XLII 

No reduction occurs in ether after 3 hours at 35° and 18 hours at 20°. 
After 3 hours at 100° and 64 hours at 18° in dioxane a 66% yield is ob¬ 
tained while 8 hours at 100° in dioxane increases the yield to 80%. 

The following isotopically labeled esters of fatty acids have been re¬ 
duced with LAH to the corresponding labeled carbinols: 


Eater Ref- 

Ethyl acetate-l-O 4 54 

Ethyl acetate-2-C 14 55 

Ethyl 2-dime thylaminoacetate-l-C 14 56 

Propionate-l-C 1 57 

Methyl 3-chloropropionate-l-C 14 58 

Butyrate- 1-C 11 57 

Ethyl 2,3-diacetozy-DL-glyceraie-l-C 14 59 

Diethyl 2-acetoxymalonate-l-C 14 60 

Diethyl 2-acetoxymalonate-2-C 14 60 

Diethyl ■uccinace-2 l 3-C 14 61 

Ethyl hezaaoace-l-C 14 62 


The poor results obtained in the LAH reduction of a-oximinc^S-keto- 
esters have been discussed in Section 7.2.l.g. 

The LAH reduction of various aliphatic carboxylates is summarized in 
Table XXXVIII. 

2. OL'fi’Unsaturaled aliphatic carboxylates . The LAH reduction of 
a f jS-unsaturated fatty acid esters generally leads to the corresponding 
0t f /3-unsaturated carbinol. However, where the carbon-carbon double bond 
is conjugated with a phenyl group as in ethyl o-bydroxycinnamate (XLIII) 
the saturated carbinol is obtained (63). 

—CHCOOC,H g 

LAH k 



oc 


CHjCHjCHjOH 


(9-25) 



VI.. ID 
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Reduction in the quantity of LAH used in the reaction results in the re* 
covery of unchanged XLIII rather than the formation of unsaturated carbinol. 
The reduction of the methyl or ethyl ester of p-acetoxycinnamate at low 
temperatures yields p-hydroxycinnamyl alcohol (64). The LAH reduction 
of ethyl /3-phenoxycinnamate (XLIV) at low temperatures is reported to 
yield the substituted cinnamyl alcohol (65). 

C i H,C=CHCOOC a H, LAH ‘ C i H I C=—CHCH a OH (9-26) 

OC,H, OC.H, 

XLIV 

The low temperature reduction of the phenyl analogue of vitamin A acid 
(XLV) yields the phenyl analogue of vitamin A (66). 

CH, CH, 

I LAH I 

C,H,(CH=CHC=CH) 2 COOC i H i C,H,(CH =CHC =CH)jCH,OH 

XLV (9-27) 

The LAH reduction of nuclear-substituted cinnamic esters (XLVI) con* 
taining two or more substituents from among the group hydroxy, methoxy, 
ethoxy, acetoxy, or methylenedioxy results in the formation of the cor¬ 
responding substituted cinnamyl alcohol (65,67-72). 




Allen and Byers reported that the reduction of XLVI gives a complex 
alcohol ate of lithium and aluminum which is referred to as lithium salt A. 
Treatment of the latter with an aqueous solution of boric acid, disodium 
phosphate or ammonium chloride, sulfate or carbonate gives the substi¬ 
tuted cinnamyl alcohol (XLVII). Treatment of lithium salt A with water 
gives a precipitate of a complex alcoholate of lithium referred to as 
lithium salt B. When an aqueous suspension of salt B is treated with 
carbon dioxide XLVII is formed. Treatment of dry lithium salt B on a 
steam bath with benzoic anhydride or acetic anhydride gives the benzoate 
and acetate, respectively, of the cinnamyl alcohol (67-69). 

The presence of an OL-cyano group results in the reduction of an 6t,j8- 
unsaturated ester to the saturated amino alcohol. Thus, methyl Ot-cyano* 
cinnamate (XLVIII: R t - R a » H), methyl /9-(4-methoxyphenyl)-a-cyano- 
acrylate (XLVIII: R t - OCH„ R, - H) and methyl jS-(3,4-methylenedi- 
oxyphenylj-a-cyanoacrylate (XLVIH: R|Ri - OCHjO) are reduced to the 
substituted 2-benzyl-3-amino- 1-propanol (73). 
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,CH=-CCOOCH, 


^CH,CHCH,OH 


f LAH. 



J CN 

Ri'"' 

V 

CH,NH, 

R, 

xLvm 

Rr 



(9-2 9) 


The LAH reduction of 01,6-unsaturated esters has been widely used in 
the synthesis of vitamin A and its precursors. The Reformarsky reaction 
with /9-ionone yields the jS-ionol system (XLIX). Dehydration of the 
latter has been reported to yield ethyl /3-ionylidene acetate (L). Reduc¬ 
tion of the conjugated ester with LAH to yield /9-ionylideneethanol (Table 
XXXVIII) has been used in the course of the synthesis of the ethyl ester 
of vitamin A acid (LI). The reduction of LI or the acid with LAH yields 
vitamin A (LII). 




CH, 



CHC=CHCH=CHC =CHCOOC,H, 

LAH 


LI 


(9-30) 



CH, CH, 

.CH =CHC=*CHCH=CHC “CHCH,OH 


(9-31) 
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Oroshnik (74) and Huisman (73) and eheir co-workers have recently 
shown that the dehydration of a j3-ionol or a vinylog thereof can take two 
competitive courses: (a) the formation of the jS-ionylidene system (LIII) 
and ( b ) ally lie rearrangement into the ring to form the retroionylidene sys¬ 
tem (LIV). The latter reaction always predominates. 



LIV (9-33) 

Therefore all previous reports in which it was presumed that LIII was 
formed and used for further reactions, e.g. 9 LAH reduction to jS-ionylidene- 
ethanol, synthesis of vitamin A acid ester and LAH reduction to vitamin 
A, actually involved a mixture of LIII and LIV and the reduction products 
were mixtures of alcohols (74-76). 

A British patent reports that the dehydration of XLIX may yield a mix¬ 
ture of isomeric esters formulated a 9 ethyl jS-ionylidene acetate and the 
isomer with an exocyclic double bond (LV). The LAH reduction of the 
mixture yields a mixture of carbinols (77). 



430 


REDUCTION OF CARBOXYLIC ACID DERIVATIVES 


9.1 



CH, 

CH —CHC —CHCOOQH, 


CH, 



] LAH 

CH, 

■CHC=CHCH,OH 



LV 


CH, 


(9-34) 


In view of die findings of Oroshnik and Huisman, it is more likely that 
the isomeric ester has die retroionylidene structure. 

Schwarzkopf et al, (78) dehydrated LVI and obtained a compound clearly 
different from vitamin A acid ester. A /S-m ethylene structure was postil 
lated and a new alcohol (LVII), prepared by LAH reduction, has been 
named vitamin A,. A similar reduction has been reported in the previously 
mentioned British patent (77). A more likely structure for the new alcohol 
involves the allylic rearrangement product (LVIII). 



CH, CH, 

I I 

CHC=CHCH =CHCCH,COOC,H, 
OH 


LVI 


Or 



CHC —CHCH —CHCCH,CH,OH 

LVII 



CH, 

•CHCH—CCH,CH,OH 


LVUI 
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The reduction of methyl phenylpropiolate (LIX) with one-half mole of 
LAH at -70° yields 90% of 3-phmylprop-2-yn-l-ol (LX) while reduction 
with one mole of LAH at 20° yields 75% of fnms-cinnamyl alcohol (LXI) 


(79). 


C ( H v Ci 


CCOOCH, 

LIX 



C ( H ( C i ■ CCH,OH 
LX 



“CHCHjOH 

LXI 


(9-35) 

(9-36) 


The LAH reduction of 01 ,/8-un saturated aliphatic carbozylates is sum¬ 
marized in Table XXXVIII. 

3. Alieyclie carboxylates. The LAH reduction of alicydic esters pro¬ 
ceeds in the normal manner, as summarized in Table XXXIX. However, 
the reduction of enolizable alicyclic /9-keroesters is attended by de¬ 
creased yields. 3,5-Dicarbethoxy-4-methylcydopentane-l,2-dione (LXII) 
reacts with LAH in the dienol form (80). Buchta and Bayer (43) reported 
that the reduction of 2-carbethoxycyclopentanone (LXIII: R - H) gives a 
22% yield of diol while die 2-methyl compound (LXIII: R ■ CH,) gives 
the diol in 66% yield. Similarly, 2-caibethoxycydohexanone (LXIV: 
R - H) gives a \1% yield and 2-methyl-2-carbethoxycyclohexanone (LXIV: 
R CH,) an 87% yield of the corresponding diol. 



COOCjH, 

LXII 





:OOC, H, 


LXIV 


Dreiding and Hartman (81) have shown that the LAH reduction of 2-carbo- 
methoxycydopentanone (LXV) actually yields only 25% of 2-hydroxy- 
methylcyclopentanol (LXVI) accompanied by a 42% yield of 2-methylene- 
cyclopentanol (LXVII) and 8% of 1-hydroxymethyl-l-cydopentene (LXVIII). 




(9-37) 


LXVII 


LXVIII 



TABLE XXHX 
LAH Reduction of Alicydic 
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The reduction of the sodium enolate of LXV gives a mixture of LXVII 
and LXVin in a combined yield of 50 %, The reduction of 2-carbethoxy» 
cyclohexanone (LXIV: R ■ H) yields 11% of 2-hydroxymethylcyclohex- 
anol v 52% of 2-methylenecyclohexanol and 21% of 1-hydroxymethyl-l- 
cydohexene. A more detailed discussion is given in Section 7.2.1.g.9- 
Attempted cyclization of 2-carbethoxy-2-(2-ketocyclohexyl)cyclohex- 
anone (LXIX) with acetic anhydride and sulfuric acid is reported to yield 
a product, m.p. 158-159°, which may be the cyclization product LXX or 
LXXI. 




or 



(9-38) 


O 

LXX LXXI 

The LAH reduction of the cyclization product yields an impure product, 
m.p. 180-200°, which has not been identified (82). 

4. Sugar car boxy l at es . The alicyclic esters represented by the urono- 
sides are readily reduced at normal temperatures to the corresponding 
glycosides (83,84). The LAH redaction of various mono- and oligosac¬ 
charides is summarized in Table XL. The LAH reduction is much sup 
perior to catalytic hydrogenation under pressure because the yields are 
higher, reaction times are shorter and hydrogenolysis is usually avoided. 

5. Steroidal carboxylates . The LAH reduction of various steroidal 
esters in which the carboallcoxy group is located at C ai , C u and C a4 is 
summarized in Table XLI. The reactions proceed in the expected manner 
to yield the corresponding carbinols in very good yields. The reduction 
of 3-carboalkoxycholest-5-ene and cholesta-5,7-diene to die 3|9-hydroxy- 
methyl derivatives is included in Table XLI. 

6. Triterpene carboxylates • Triterpene esters are usually reduced to 
the carbinols without undue difficulty, as summarized in Table XLII. 
The LAH reduction of methyl morolate acetate oxide (LXXII), followed 
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bv acetylation, is reported to yield the eapected moradiol dictatei oude 
(LXXIH) accompanied by 2 -acetoxynorolean-16,18-diene (LXXIV) (16,85). 
The formation of LXXIV can be formulated as in the reduction of moradiol 
diacetate oxide (equation (JM)): 




LXXIV (9^39) 


7. Alkaloid carboxylates. The LAH reduction of various alkaloid 
esters, including the isomeric lysergic esters, readily yields the cor¬ 
responding primary alcohols (Table XLUI). The alkaloid corynan eine > 
originally postulated as possessing structure (LXXV), has been reporte 
to yield desmethylcorynantheine alcohol and desmethoxycorynant eine 
alcohol (86). The alkaloid has been shown to actually possess an ester- 
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LAH Reduction of Triterpene Esters 
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enol ether structure (LXXVI) (87) so that the reductiou products may be 
formulated as follows: 




OCH, 

LXXV LXXVI 



CH J OC / ^CHOCH, 
LXXVI 




A more detailed discussion of this reduction as well as that of dihydro- 
corynantheine is given in Section 11.5.2. 

8. Aromatic carboxylates . The LAH reduction of the esters of aro¬ 
matic carboxylic acids yields the corresponding hydroxymethyl deiiva- 
tives. This reduction procedure has been applied in the benzene, naph¬ 
thalene, phenanthrene, fluorene, benzofluorene and fluoranthrene series. 

The following aromatic carboxylates-C 14 have been reduced to the 
methanol-C 14 derivatives: methyl benzoate-1-C 14 (88), methyl fiuorene-9- 
(carboxylate-C? 4 ) (89), methyl HH-benzo[b]fluorene-ll-(carboxylate-C 14 ) 
(90). 





CH 
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&A Y. Sato and W. A. Jacobs, J. Biol. Cbem., 191, 63 (1951). 
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The ester group in aromatic compounds has been selectively reduced 
in the presence of other functional groups such as the aryl nitvo (48) v 
alkyl (91) nod aryl (92) halides and carboxylic acids (92). The reduction 
of monomethyl phthalate (LXXVII) with three-quarters of a mole of LAH 
is reported to yield phthalide (LXXVIII) (20). 


ff ^COOH 

COOCH, 

LXXVII 



(*41) 


The reduction of 3-chlorophthalic acid (LXXIX) and of l-methyl-2-hydro- 
gen-3*chlorophthalate (LXXX) with the calculated amount of LAH yields 
7-chlorophdialide (LXXXI) while the reduction of methyl 3-chlorophthalate 
(LXXXII) and of 2-methyl-l-hydrogen-3-chloro phthalate (LXXXIII) yields 
3-chloro-o-iylylene glycol (LXXXIV) (92). 




C.1 



Cl 


B5% 


ccr 


COOH 
LXXXin (9-43) 


As discussed earlier in Section 7.1.1.b v treatment of 4-formylphenan- 
threne-5-carboxylic acid with methanol and hydrochloric acid yields a 
pseudo methyl ester (LXXXV) which does not form carbonyl derivatives. 
Treatment of the aldehydo acid with diazomethane yields the normal 
methyl ester (LXXXVI). Reduction of the pseudo and normal esters yields 
4 l 5-di-(hydroxymethyl)phenanthrene (93). 
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LXXXV L XXXVI (9-44) 

The pseudo ethyl ester similarly yields the di-(hydroxymethyl) compound 
(94). 

Conover and Tarbell (95) reported that while the reduction of methyl 
anthranilate (LXXXVII) with a large excess of LAH at 65° for 5 minutes 
gives 50% of o-aminobenzyl alcohol and 5% of otoluidine, when the re¬ 
duction is carried out for 15 hours a 39% yield of o-coluidine is obtained. 



Attempts to extend the hydrogenolysis reaction to the hydroxy compounds, 
methyl salicylate and ethyl p-hydroxybenzoate, have been unsuccessful 
due to the precipitation which occurs on mixing the esters with n large 
excess of LAH (95). With the usual amount of LAH these reductions pro¬ 
ceed readily to the substituted benzyl alcohol. Hydrogenolysis reactions 
are discussed in Section 16.1. 

Wiberg and Schmidt have reported that no reduction occurs on treatment 
of the /9-naphthol ester of benzoic acid with LAH (96). 

The LAH reduction of various aromatic carboxylates is summarized in 
Table XLIV. 

9. Heterocyclic carboxylates. The LAH reduction of the eaters of 
heterocyclic carboxylic acids generally yields the corresponding hydroxy* 
methyl compounds. Thus, pyrrolidine, piperidine and teuahydropyridine 
carboxylates are readily reduced to carbinols. Imidazole (LXXXVID) 
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(97) and isoindazole (LXXXIX) (98) carboxylates ace reduced without de¬ 
composition of the heterocyclic nucleus. 


,COOR' 

D 

R 

LXXXVIU 


_ _^-CHjOH 

CT 


(9-47) 


COOR 

LAH, 

N' 

H 

LXXXIX 



(9-48) 


Similarly, the esters of indole (XC) and pyrazole (XCI) carboxylic acids 
are converted to the appropriate carbinols (99). 



COOR' CHjOH 

0, “" cK 

R R 

xa 


(9-50) 


Although the LAH reduction of pyridine carboxylates (XCH) in reflux¬ 
ing or cold ether yields the pyridine carbinols in satisfactory yield, 
higher temperatures and slowly conducted reactions cause the formstion 
of small amounts of piperidyl carbinols and methylpyridines (100). 


(jH—COOR “*• 


TT 


XCII 


CH,OH + 



CHjOH + 



CH, (9-51) 





CuHlsNOj Methyl p-dimethylaminoniethylbeazoate p-Dimethylaminomethylbenzyl alcohol 

CuHijOt Dimethyl 2-acetoxyiaophthalate 2,6-Di-(hydroxymethyl)phenol 

Dimethyl 4-acetoxyisophthalate 2,4-Di^hydroxymethyl)phenol 
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Although the LAH reduction of ethyl picolinace (XCIII) at -7° to 0° is 
reported to yield 70% 2-hydroxymethylpyridine (100), at normal tempera¬ 
tures the yield is decreased to 25% and, in one case, an equal amount of 
a high boiling material was also obtained (101). 


a 


LAH . 


COOCjH, 
XCIII 


a 

^N^^CHaOH 


(9-52) 


A hydrogenolysis reaction has been reported in the reduction of 2,6- 
dimethyl-3,4-dicarbethoxypyridine (XCIV) (102). The reduction of 0.5 
mole of XCIV with 0.7 mole of LAH in ether gives a 50% yield of 2,6- 
dimethyl-3,4-di-(hydroxymethyl)pyridine (XCV). When XCIV is reduced 
using four moles of LAH for each mole of ester during a 24-hour reflux 
period, a trimethylhydroxymethylpyridine is obtained in 20% yield. The 
latter has been formulated as 2 l 4,^trimethyl-3-hydroxymethylpyridine 
(XCVI) by analogy with desoxypyridoxin which is formed by catalytic 
hydrogenolysis of vitamin B fl . 



XCVI 



(9-53) 





xcvn 
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However, as discussed in Section 16.1, XCVII is the more probable struc¬ 
ture based on the principle that hydro genoly sis in this case is due to the 
reduction of the vinylog of an amide (103).* 

The reduction of pyridine carboxylates has found widespread applica¬ 
tion in the synthesis of vitamin B e and its analogs. Thus, reduction of 
2-methyl-3-hydroxy-4,5-dicarbalkoxypyridine (XCVIII) or the 3-acetoxy 
compound yields vitamin B a (XCIX) (102,104-106). 


COOR 



LAH 


HOs 


CH^ 


CHjOH 

i 


^CH^OH 


(9-54) 


XCIX 


As an alternate route to XCIX, 2-methyl-3-amino-4-carbethoxy-5-amino- 
methylpyridine (C) or 2-mechyl-3-amino-4-carbethoxy-5-cyano-6-chloro- 
pyridine (Cl) is reduced with LAH to 2-m ethyl-3-amino-4-hydroxy me thy 1- 
5-ami no methyl pyridine (CII). Treatment of CII with nitrous acid followed 
by hydrolysis yields pyridoxin (XCIX) (107). 






(9-55) 


*Note added in proof: E. C. Kornfeld has experimentally verified that XCVII is 
the correct structure for the product originally postulated as XCV1 (/. Am. Chem . 
Soe., in press). 
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Mari ell a and Belcher reported that the LAH reduction of 2*hydroxy-3- 
carbetboxy-4,(>dimethylpyridine (CIII) in ether gives 60% of the expected 
3-hydroxymethyl compound (108). However, attempted reduction of 2- 
hydroxy-3-carbomethoxy»6-methylpyridine (CIV) with LAH in either diethyl 
or di-n-butyl ether failed to yield any carbinol (109). 



COOC a H, 


^s^^COOCH, 


CH.^ "N' ""OH 


CH,^ >1" ""OH 


CIU 


CIV 


H a N s^^^COOCH, 

CH b ^ "N' ""CF, 

CV 

The attempted preparation of 2-trifluoromethyl-3-hydroxymethyl-5-amino- 
6-methylpyridine by the LAH reduction of the 3-carbomethoxy compound 
(CV) has been reported to give an unstable compound which decomposes 
during attempts at purification (110). 

Rosenmund and Zymalkowski (111) reported that the LAH reduction of 
2- and 4-carbalkoxyquinolines (CVI) at -12° gives good yields of the 
hydroxymethyl quinolines. When the reductions are carried out in reflux¬ 
ing ether the products are glossy materials which become viscous liquids 
on warming. 



The reduction of 1-carbomethoxyphenazine (CVH) yields the correspond¬ 
ing carbinol (112). Birkofer and Birkofer postulate that the 5,lfrdihydro 
compound is an intermediate in the reduction. A temporary red color 
which develops is possibly the N-monohydrophenazyl radical. 



CVII 


CVIH 


CIX 
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The reduction of pyrazine carboxylates (CVIII) results in decomposition 
of the heterocyclic nucleus (102). The LAH reduction of 10-carbomechoxy- 
phenothiazine (CIX) is reported to yield phenothiazine as the only identi- 
fiable product (113). The latter is also formed by the LAH reduction of 
10-aminoacylphenothiazine (114). The cleavage of amides in which the 
nitrogen is part of a heterocyclic system is discussed in Section 10.1.1.d.2. 

The ester grouping in 1-carbomethoxyquinolizidine (CX) is readily re¬ 
duced to yield 1-hydroxymethylquinolizidine (113). 




(9-57) 


The 1-carbethoxyquinolizidine fragment in the ethyl ester of aphyllinic 
acid behaves in a similar manner (116). The 2-carbomethoxyquinolizidine 
(CXI) structure is also reduced to the carbinol (117) as is the 3-carbethoxy 
group in 3-carbethoxy-4-methylquinolizidine (CXII) (37). 




On the other hand, LAH reduction of 3“carbechoxy-4-ketoquinolizidine 
(CXI1I) results in cleavage of the carbethoxy group to yield 4-ketoquino- 
lizidine (37). 



O 

CXIII 


O 
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However, l,3*dicarbethoxy»4-ketoquinolizidine (CXIV) is reduced in the 
normal manner (118). 



Catalytic hydrogenation of CX11 over copper chromite at 250° under 200 
atmospheres pressure yields 3-ethylquinolizidine (CXV) as a result of 
rearrangement after a reductive cleavage (37). 



Under the same conditions CXI11 is reduced to quinolizidine (37). 



(9-63) 


Although Jones and Kornfeld (102) reported without further details that 
esters of pyrrole carboxylic acids are reduced with LAH to hydroxymethyl 
compounds, Treibs and Scherer (119) were unable to successfully carry 
out such reductions. Thus, 2,4-dim ethyl-5-car bethoxy pyrrole (CXVI) is 
quantitatively recovered after treatment with large excesses of LAH in 
boiling ether or tetrahydrofuran. Similarly, after refluxing for 12 hours 
with LAH in tetrahydrofuran, a major portion of the starting 2,4-dimethyl- 
5-carbethoxypyrrole-3-carboxaldehyde (CXVII) is recovered unchanged 
although a portion is resinified. On the other hand, 2-methyl-3-carbethoxy» 
pyrrole (CXVIII) in refluxing ether and 2,4-dimethyl-3,5"dicarbethoxy- 
pyrrole (CXIX) in refluxing tetrahydrofuran, after treatment with LAH and 
decomposition with water, are completely transformed although no definite 
compounds have been isolated. The carbinols formed by the reduction of 
CXVIII and CXIX probably react by condensation to high molecular weight 
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compounds such as those obtained in the reduction of 2,4*dimethyl-3- 
acetylpyrrole (Section 7.2. l.e.). 



CXVIII 


CXIX 


The transformation occurring in the reduction of CXVIII and CXIX may 
proceed through an intermediate hydrogenolysis reaction as discussed in 
Section 16.1 (103). 

Hydrogenolysis reactions have been reported by Conover and Tarbell 
in the LAH reduction of various thiazole carboxylates (120). While 2- 
mechyl-4 f 5-dicarbethoxy thiazole (CXX) and 2-amino-4-carbethoxy thiazole 
(CXXI) are reduced with excess LAH in a mixture of benzene and ether 
to the corresponding carbinols similar treatment of 2-amino-4-hydroxy- 
methyl-5-carbethoxythiazole (CXXII: R « CH 2 OH) and 2-amino-4-methyl- 
5-carbethoxythiazole (CXXII: R = CH S ) yields the 5-methyl derivatives. 



CXXII CXXIU 

The 5-caxbethoxy group in CXXII is particularly resistant to reduction. 
Treatment of CXXII (R - CH # ) with a small excess of LAH at room tem- 
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peracure or at 88° yields only starting material. The reaction of CXXII 
(R ■ CH 2 OH) with LAH in ether similarly yields only starting material. 
The reduction of 2-amino-4,3-dicarbethoxythiazole (CXXIV) with a 25% 
excess of LAH in ether yields CXXII (R m CH a OH) while CXXIII (R - 
CHjOH) is obtained with a 400% excess of LAH. 


HOCH a 

CaH.OC 





(9-65) 


( 9 - 66 ) 


In contrast to the resistance of the 5-carbethoxy group in CXXII and 
CXXIV, the same group in CXX and in 5-carbethoxythiazole is readily 
reduced (121). 

Furan (CXXV) and benzofuran (CXXVI) carboxyl aces are readily re¬ 
duced with LAH to the heterocyclic carbinols. 


UL. 


COOR 
CXXV 


^^O^^COOR 


CXXVI 


Attempts to reduce 2-methyl-3- sulfonamido-5-carboraethoxy furan to the 
2,3-dimethyl compound have been reported to yield the 3-hydroxymethyl 
derivative (122). 

Thiophene (CXXVII) and thianaphthene (CXXVIII) carboxylates are re¬ 
duced to carbinols without difficulty. 



cxxvn 


cxxvm 
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Jones and Komfeld (102) have reported without further details, that the 
esters of oxazole carboxylic acid (CXXIX) are reduced with LAH with 
concurrent cleavage of the heterocyclic nucleus. The reduction of 2,5- 
disubstituted 4-carbethoxyoxazolines (CXXX) with LAH in ether at low 
temperatures yields the corresponding 4-hydroxymethyloxazolines. 

COOR 

rh 

I 

R' 

CXXIX 

The LAH reduction of various heterocyclic carboxylates is summarized 
in Table XLV. 


R>. ^COOR 

T-T 


R' 

CXXX 


9.1.2 Reductions with Aluminum Hydride 

Patents involving the reduction of esters with LAH generally state 
that the reductions can equally well be carried out with aluminum hy¬ 
dride, although no specific examples are given (123). Wiberg and Jahn 
(124) investigated the mechanism of the reduction of ethyl acetate to 
ethanol. An ethereal ethyl acetate solution was added to an ethereal 
aluminum hydride solution (ester: A1H B ■ 3: 2.2) and the white precipitate 
which separated as well as the residue left after distillation of the ether 
was found to be aluminum ethylate. 

3 CH,COOC a H, + 2 A1H. -> 2 AKOQH,), (9-67) 

The reaction is postulated as involving the addition of the hydride to the 
carbonyl double bond. 


CR 


±"2. CH,<™ 


Oal 


— ■lOCjHi 


OC a H g 


cx: a Hg 

CH,CH=0 CH,CH,Oal (9-68) 

al = 1 equivalent A1 


The addition compound (AlHaCl + A1HC1*), obtained by the interaction 
of aluminum hydride and aluminum chloride, reduces esters in a manner 
similar to that indicated in equation (5^68). Thus, methyl salicylate 
yields 50% of o-hydroxy benzyl alcohol while ethyl benzoate yields 80% 
of benzyl alcohol (125). 
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Aluminum hydride in the medium aluminum chloride-tetrahydrofuran has 
been used for the reduction of peptide esters to j3-hydroxyalkylamides at 
-40°. The latter is rearranged in the presence of phosphorus oxychloride 
to a /3-ami noester which on further treatment with the aluminum hydride 
yields the free amino alcohol and die residual peptide (126). 

O R' O R" O R' 0 R" 

II I II I AlHj II I II I 

RCNHCHCNHCHCOOCjH, RCNHCHCNHCHCH,OH - -> 


O R' 0 R" 


RCNHCHCOCHjCHNH, ■ HCI 


A1H 3 

907 . 


O R' R" 

II I I 

RCNHCHCHjOH + HOCH,CHNH, (JV69) 

The milder reducing action of aluminum hydride is advantageous here 
where LAH might normally reduce the amide function. 


9.1.3 Redactions with Magnesium Aluminum Hydride 

Magnesium aluminum hydride resembles LAH in its ability to reduce 
esters. Methyl benzoate has been reduced to benzyl alcohol in 32% yield 
the reaction being postulated as proceeding through an acetal intermedi¬ 
ate (127). 


9.1.4 Reductions with Sodium Borohydride 

Esters are generally resistant to reduction with sodium borohydride. 
The reduction of other functional groups with the borohydride in aqueous, 
methanol, ethanol, or dioxane solution results in retention of the ester 
group or its recovery as the acid as a result of hydrolysis. The formation 
of a hydroxyl group by the reduction of a carbonyl group or an acid chlo¬ 
ride may result in the formation of a lactone when the hydroxyl and car¬ 
boxyl groups are appropriately located (128). 

9.1.4.a Reduction of carbinol esters to the parent carbinols . Carbinol 
acetates, propionates, etc., including steroid derivatives, have been sub¬ 
jected to reduction with sodium borohydride. Under mild conditions, no 
reduction occurs (Table XLVI). However, with longer reaction times and 
higher temperature, reduction to the parent carbinol occurs (Table XLVII). 

Biel (22) reported that reduction of estrone esters (CXXXI) where the 
acid moi,ety does not contain a highly branched side chain such as the 
acetate, propionate, butyrate and benzoate yields j3-estradiol. 



9.1 


ESTERS 


•g 

o 

CD 

I 


> * 

X 01 

1 y 

■J u 


w 

J 

to 

<1 

H 


KMTtVO QQ 


C\ 


vs On 
go m 


: oo 

: on 


L 

a 

o 

-3 

a 


o 

o 


£ ^ 

■3 <? 2 2 
hy d 
S Sis 

" B j 

- *3 - 

«J 


Ja ^ 

V N 

si 

a 8 J 

*4 J2 

8 In 

iS -f a 
"i h* os 
3 i. L 

jo H M 


Ja ■? V Q 

g £ 1 a j; « f 
&X- U - s s v 

8 H .2 _- .2 i <4 S 

£ £ "5 § 'a rr ' m S 

uiigS 2 J 
fa 


u u 

< H 

Aiwa 1 

•^■4 8 


U 

2 D _ 4 


>S ►» O 

« js ja js 

LaJ y t-i u 
j b b 
^22 


2 ! 2 


vi 

i-H 


~H *N 


U 

c 

41 

S* 

0 E 

Jn g 

& *8 
d a 


i § 


d y 

y 5 
v 9 
. u <A 
BjS 

O >S -H 

■f ja 

ti 


EL 

N 

§ o S 0 
u 2 g u 

■< y § y 

Ms5 

H ^ W rtN 


a 

ii 

o 

X ■ 

Y- 

rH M 

SC s 

II ■? 

41 Jd A 

M I o 

ra 

U M M 

d o o 

2 ">* v d d 

H w u u d 


u 

Jd 

A 

t 

■O 


8 9 9 


U 

a TLr 9 


&B 

511 


V 


o oq,° 

n n pi « 

u u u u 


PI M V 

%%% 
SEX 
«k fc R 

uuu 


6 

y 

o 

o 

y 

O 

X 

u 

II 

U 


d 

x 


~ R 

R £ 

£ ~ 

ON 


'«■ 


u 

5 


"N 


U 


■ u '«* 

E TS 

4. -C U 


il 

8* 

■ft-s 

* -2 . 

=3 !< 

« 80 ; 

i«; % ■§ 

. & s 


d 

a: 

M 

u 

a 

w 

w 

d 

^4 

fa 


I 

w 

00 


d 

CL 


o 2 


jj 

CL 

CL 


2 > " 3 

^ © m << 


■- S 

-I 

•Si 

!S 

d no 

"d 2 ! 
u §s 
a 

"S» w 
d) cd 

.2 0:4 

d 

T3 fa 

-■4 

m r 

0 < 
U i 

1 - 
I ■- 

u U 

-g ^ 

.2 CN 

4 ..ON 




U 

E 

d 

U 

E 


ii 

~a 

• m 
d 

a 

x 

iJj 

fa 


-a 

a 

d 


X xA 


a 

.2 2 


■3 9 S >3 


II 

d 

■e 

ii 

-o 

"I 


8 


9 

•o 

£ < 

o u 

8 ’ a 
H y 

V ; d 

s s 

8 H 

a . 

y fa 
II 


U"\ 7j 
CN a 
hJVO 

w 5 ^ 

E: S. ^ 
3 a 9 
- ° 3 
j'S 9 

3 C 
*0 — 
II 2 * 


^ 3 H 
CN >« w 
m i 
CN ^ 

- ^ JQ 

p? 

« 2 -n- 
Q ll K 

. fa -2 


fa . 


CN 


6 * 'S 


B 

CL _ 

V 60 £ 
y l§ 

O £ S 
v a 


■ 0 ITS 

I o L8 
S i s 

■ 8 a, 

t »* 

* S .S 

S.85 

■s" 5 ,' 

■ - -T3 y 
CQ d J 

J JS d 

x o ,-fi 


-d w 
v 3 
3 — g d 

jj* a J x 

^w'^ffVpii 3 if 


S' jl u 

* 8.5 

- vu, 

w d ■ 

« fa fa 
fa . . 

* U J 
w w 

■ «o 

si ^ 9 

.. y 
cn d a 

R d 5 

icn d i 

as l 

m ■ d 

2 fa as 


3U1 



Reduction of Carbinol Esters to the Parent Carbinols with Sodium Borohydcide 

Eater Medium 1 Product % Yield Ref. 


502 


REDUCTION OF CARBOXYLIC ACID DERIVATIVES 


9-1 


IN PM 



4 

4 

3 

H-\ NO 

ITl 

1 '°- 





© r- 

IS 

ITS 

15 ! 






X 






4 


m 

o 



t 1 


1 

? 

*0. 

ir» 

I 

mm S 

M « 

U w 

"o 

mm 

4 

*u» 

G 

a 

M 

a 

^ V _ y 

”o rsi "o pm 

5 

a 

ii 

”o i 

d 

.§ 

- i a i 

■u T" "3 -r 
v £ u 5 * 

mm 

"o O 

'•v -S 

1 3 

O B) 

ft 

U 

O 

S j s j 
f*|l| 

y O y O 

£.S £.5 

*c\ 

4 

a 

ii 

£ 4 

* N 

r- o 

TJ 

9 

T * 

tl M 

* 

0 

a 

‘7 

PM 

**1 2 - Z 

h 1 ^ 1 ^ 

■ i a a 

■b e 

4 4 t 

a s 

2 V 

IN 

4 

7 !° 7 o e / 
i&SSS^q^Si 

yyyyw.yyW 

w?si^^o55° 

M l ii k y n k ■* 

« f« 

i «4. < 

v ea 
« *2 

o O 

< 

^ tL 

PCS 

Wl w u 

Si’s ra 

Hill 

SSiii 


W W W SZ2Z2 2 3 2 2 2E 


a u * v 

2 £ J a « 
u & . o 2 
u a & a 2 

i'|l 12 

3 S' S -2 S 


r a L 

- s g 

i|i 

» S -a 


I § I* I 

a < a. 3 


c 5 4 5. 

S 2 3£ 

I ill 


S b v u 

§ ^ < < 
U m m 


]! 

•«n ii. II y 

is|§ 

k kf 3 

g gi X 
u S g S 
g y y I S 

5 S 

rn r* W U 


««<» ISSM 
MM'S 

u u u u o uuuuu 


*Parke Davis and Co. v Australian Pat. Appln. 13,395/32 (October 15, 1952). 

J J. H. Biel, J. Am. Obrm. Soc.. 73. 847 (1951). 

4 A. F. St. Andre, H. B. MacPhillamy, J. A. Nelson, A. C. Shabica, and C. R. Scholz, ibid., 74, 5506 (1952). 
"Isolated after acetylation of reduction product. 

•C. Djerassi, E. Batres, M. Velasco, and G. Rosenkranz, J. Am. Chem. Soe. t 74, 1712 (1952). 




9.1 


ESTERS 


503 



CXXXI 


However, highly branched aliphatic esters such as estrone trimethyl¬ 
acetate and estrone r-butyl acetate yield j3-estradiol-3-trimethylacetate 
and 3-M>utylacetate, respectively, in excellent yield and high purity. In 
contrast, estrone trimethylacetate is reduced with LAH to j8-estradiol 
while calcium hydride yields estrone. 

A recent patent application (129) presents an interesting picture of the 
reduction of an acetoxy group. Treatment of OL-acetamido-^S-acetoxy-p- 
nitropropiophenone (CXXXII) with sodium borohydride in ethanol yields 
47.6% of d/-eryf£rol-p-nicrophenyl-2-acetamido-l,3-propanediol (CXXXIII). 
Under the same conditions a-acetamido-/8-hydroxy-p-nitropropiophenone 
(CXXXIV) yields 47% of the erythro form and 25% of the threo form of 
CXXXIII. 


CCHNHCOR 

CH a OR' 

o 2 n 

CXXXII: R' = COCH, 
CXXXIV: R' =* H 


OH 

I 

CHCHNHCOR 

I 

CHjOH 
CXXXIII (9-71) 



Similarly, reduction of (X-dichloroacetamido-|8-acetoxy-p-nitropropiophe- 
none yields 40-45% of fl7-eryrfcro-l-p-nitrophenyl-2-dichloroacecamido-l,3- 
propanediol while the j9-hydroxy compound yields 27% of the erythro and 
39% of the t£reo-propanediol. 0t-Dichloroacetamido-/3-dichloroacetoxy-p- 
nitropropiophenone also gives the erythro product. The exact mechanism 
by which the acyloxy group is removed is considered to be an ester inter- 
change with the solvent rather than a reductive removal since the /3-acyl- 
oxy ketones favor the erythro form of the diol to the exclusion of the 
threo while the /S-hydroxy ketones yield more or less equal amounts of 
the two diastereoisomeric forms. 

9.1.4.b Reduction of esters to alcohols . Aliphatic carboxylates in¬ 
cluding steroid derivatives are generally not attacked by sodium boro¬ 
hydride (Table XLVIII). However, reduction has been reported in the 
case of two steroidal esters. Thus, the carbomethoxy groups in methyl 
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30C-hydrozy-12-ken>'9(llVcholenate (CXXXV) (130) and in methyl 3-keto- 
bisnor-4-cholenate 3-ethylene ketal (CXXXVI) (131) are reduced with 
sodium borohydride to the corresponding carbinols. 




Heymann and Fieser (130) reported that methyl 3/3-hydroxy-3<X J 90t-oxido- 
11-ketocholanate is reduced with sodium borohydride under mild condi¬ 
tions without reduction of the ester group but variable results and incom¬ 
plete reduction prompted saponification of the ester group to avoid attack 
at this point and adoption of more drastic reaction conditions. 

Wolfrom and Anno (132) have utilized sodium borohydride in the reduc¬ 
tion of various sugar carboxylates. Methyl ester glycosides of uronic 
acids have been reduced in an aqueous system to glycosides of the cor* 
responding hexoses. The following uronates have been reduced in this 
manner: 

methyl (methyl CX-D-galactopyranosid)uronate monohydrate 

—* methyl OC-D-galactopyranoside monohydrate (61%) 

methyl (methyl jS-D-galactopyranosid)uronate 

—► methyl jS-D-galactopyranoside (64%) 

methyl (methyl OC-D-glucopyranosid)uronate 

—► methyl Ol-D-glucopyranoside (37%) 

Sodii^m borohydride has been used in combination with lithium chloride 
as a replacement for lithium borohydride in the reduction of esters to 
alcohols (see Section 9.1.6). 



Carboxylates Not Attacked by Sodium Borohydride 
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9.1.5 Reduettonn with Potassium Borohydride 

A solution of potassium borohydride in aqueous sodium hydroxide has 
been utilized in the reduction of Various quaternary pyridinium salts. 
Ester groups present in these compounds have not been attacked and have 
been retained in the reduction products. Thus v N-tetraacetylglucosidyl- 
pyridinium bromide (CXXXVII) and N-tetraacetylglucosidylnicotinamide 
bromide (CXXXVIII) have been reduced to the corresponding o-dihydro- 
pyridine derivatives (133). Similarly, methyl nicotinate mediiodide 
(CXXXIX) has been reduced to l-methyl-3-carbomethoxy-l 1 2 l 5,6-tetra- 
hydropyridine (134). 



CH a OAc 


CXXXVII: R = H 
CXXXVIII: R - CONH* 

Potassium borohydride has been used in combination with lithium chlo¬ 
ride in the reduction of esters to alcohols (see Section 9.1.6). 

9.1.6 Reductions with Lithium Borohydride 

Esters react slowly with lithium borohydride in ether or tetrahydrofuran 
solution to yield the corresponding primary alcohols. The following esters 
have been reduced in this manner: 


Ester 

Medium 

Product 

% Yield 

Ref. 

CvH i0 Oj Ethyl benzoate 

THF 

Benzyl alcohol 

62 

135 

CuH m 0 4 Diethyl sebacate 

THF 

1,10-Decanediol 

60 

135 

C|Ji u 0 4 Dimethyl diphenate 

Echer 

2 f 2'-Bis-( hydroxy methyl )- 
diphenyl 

93 

136 

C 30 H 40 O, i^Butyl palmitate 

THF 

»-Hezadecanol 

95 

135 


Patents relating to the reduction of ethyl j3-ionylideneacetate (123) and 
methyl 3-ethoxypregna-3,5,17-trien-21-oate (131) have indicated that lith¬ 
ium borohydride may be substituted for LAH in the reduction of these 
esters to the carbinols. 
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The reduction of cortisone acetate 3-monosemicarbazone (CXL) with 
lithium borohydride in tetrahydrofuran and subsequent acetylation and re¬ 
moval of the semicarbazone grouping has yielded Reichstein v s Substance 
E 21-acetate (CXLI), Substance E 20,21-diacetate (CXLII) and Substance 
U 20,21 diacetate (CXLIII) (137,138). 

CH a OAc 



NHCONHa 

CXL 


CH a OAc 


CH a OAc 


CHOR 



CXLI: R - H 
CXLII: R = COCHj 


CHOAc 



(9-72) 


It has been demonstrated that the 21-acetate group is removed during the 
reduction and then replaced by acetylation by omitting the acetylation 
step to yield the free tetrol as the major product. 

Lithium borohydride has been used in investigations on the structure 
of insulin (139,140). The latter is esterified with diazomethane and the 
ester is reduced by refluxing with excess borohydride in tetrahydrofuran. 
The esterification process converts the y-carboxyls of glutamyl residues, 
the /3-carboxyls of aspartyl residues and the Ot-carboxyls of terminal 
residues to carbomethoxy groups which are subsequently reduced to hy¬ 
droxyl groups. Acid hydrolysis of the reduced insulin yields amino acids 
and alcohols. The results indicate that the untreated insulin molecule 
must have contained 8 glutaminyl, 6 glutamyl, 4 asparaginyl and 2 aspartyl 
residues. When oxidized insulin is created in a similar way correspond¬ 
ing results are obtained. 
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Owing to the slowness of ester reduction selective reductions have 
been carried out with lithium borohydride utilizing low temperatures. 
Thus, ethyl levulinate has been reduced to y-valerolactone in 44% yield. 
The attempted selective reduction of ethyl acetoacetate yields a borat 
complex from which the reduction product can not be isolated (135). 

Paul and Joseph (141) have reported that an equimolecular mixture of 
potassium borohydride and lithium chloride can be utilized in place of 
lithium borohydride in the reduction of esters in refluxing tetrahydrofuran. 
By this method the following esters have been reduced to alcohols: 


Estei Product % Yield 


Butyl stearate 

Ethyl benzoate 
Ethyl cinnamate 

Ethyl phenylacetate 
Ethyl 3-(2-tetrahydrofuryl)propionate 
Ethyl undecylinace 


1-Octadecaool 

9i) 

1-Butanol 

B6J 

Benzyl alcohol 

88 

Cinnamyl alcohol 

10 ] 

3-Phenyl-l-propanol 

66} 

2-Phenylethanol 

85 

3-(2-Tc irahydrohirylM-propanol 

75 

10-Undecen-l-ol 

82 


The reduction of ethyl p-nitrobenzoate at 25° gives 86% of p-nitrobenzyl 
alcohol. The reduction of ethyl cinnamate under the same conditions re¬ 
sults in a decreased conversion of ester but the yields of cinnamyl and 
hydrocinnamyl alcohols are the same as in the case where the reduction 
is carried out with heating. Dioxane, glycol formal, and tetrahydrofuran 
are good solvents for the reaction while diethyl and dibutyl ethers are in¬ 
effective. Although the reaction proceeds in ethanol, the yield is poor 
because of the decomposition of the potassium borohydride. 

The replacement of potassium borohydride by sodium borohydride re¬ 
sults in decreased yields. Although potassium borohydride and lithium 
chloride reduce ethyl benzoate to 88% benzyl alcohol, the sodium boro¬ 
hydride system gives only 13% benzyl alcohol. The lithium chloride in 
the potassium borohydride system has been found to be replaceable by 
lithium nitrate or lithium iodide without decreasing the yields but the 
rate of the reaction is reduced. In addition, the mixture of potassium 
borohydride and lithium nitrate tends to ignite under the influence of 
heat. With lithium bromide and lithium sulfate reduction occurs but with 
greatly diminished yields. No reaction is observed by replacement of 
lithium chloride by lithium hydroxide, carbonate, or fluoride. 

9-1-7 Reductions with Lithium Gallium Hydride 

Lithium gallium hydride has been utilized in the attempted reduction of 
esters. Both diethyl adipate and ^-naphthyl benzoate have been 
treated with the hydride with negative results (96). 
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9.2 LACTONES 

9.2.1 Redactions with Lithium Aluminum Hydride 

The reduction of lactones is analogous to that of esters, consuming 
one-half mole of LAH per mole of lactone to yield the corresponding diol. 
The reaction can be represented scoichiometrically as follows: 


2 RCHCH,CHjC =0 + LiAlH, 

l—o—l 


[ RCHCH,CH,CHjO 

.0 

I «H,0 


LiAl 


(9-73) 


2 RCHCHjCH,CH,OH 
OH 


+ Li OH + Al(OH), 


The reductions generally proceed in good yield with a mini mum of com¬ 
plications. 

9.2.1.a Acyclic lactones . The LAH reduction of lactones derived 
from an acyclic backbone usually yields the expected diol. 

While the reduction of y-valerolactone yields 1,4-pentanediol (142) re¬ 
duction of a-angelica lactone (CXLV) after 24 hours in ether at 35° yields 
pentan-4-one-l-ol (3). 


CH a —CH a 
CH s C^i 

O 


LAH 

-> 

85% 


CH a —CH a 
CHjCHOH CH a OH 


CXLIV 


CH—CH a CH,-CHa 

II I I.AH I I 

CH,C^ ^C = 0 CH,C =0 CH a 0H 

0 

CXLV 


(9-74) 


(9-75) 


The y-lactone structure in CXLV is opened at the oxygen-carbonyl bond 
with subsequent reduction of the carbonyl group and isomerization of the 
enol. The reduction of ketene dimers existing in die /9,y-un saturated 
/9-lactone structure proceeds in an analogous manner. Reduction of ethyl* 
ketene dimer (CXLVI) yields the jS-ketoalcohol which can be reduced to 
the diol in a separate reaction (143). 
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CH,CH,CH=C— CHCH a CH, CH,CH a CH =C —CHCHjOH (9-76) 


0—C=0 
CXLVI 


OH C a H, 


CH.CHjCHjC—CHCH jOH 

0 CjH| 

Application of the reduction to (tu-cyclohexylalkyl)ketene dimers (CXLVII) 
also yields the ketoalcohol. However, the latter are not further reduced 
with LAH. While LAH reduction of CXLVII proceeds satisfactorily when 
n = 0, 1, 2 or 4, the reduction is unsuccessful when n 3 (144). Cata¬ 
lytic hydrogenation of CXLVII yields the corresponding diols (145). 

(CH a )„CH=C—CH —(CH,) n 

O—C =0 
n - 0, 1, 2, 4 
CXLVII 

The reduction of jS-angelica lactone (CXLVIII) with LAH in tetrahydro- 
furan is reported to yield the saturated diol (3) while reduction of the 
analogous compound, methyl anhydromonocrotalate (CXLIX), yields the 
unsaturated triol (146). 




CH.C CCH. 

CH,C X C-C 

o 

COOCH, 

CXLVIII CXLIX 

Attempts to reduce the dilactone (CL) have been reported as failing to 
yield crystalline products (147)- 
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The reduction of 2-isopropyl-5*methyl-l,3*dioxolan-4-one (CLI) with 
LAH results in cleavage products according to the scheme (148): 



CH.CH—CHjO.M 

o e 

| H ’° 

CH s CHCH 2 OH 

OH 


+ (CH s ) a CHCH = 0 

LAH 

(CH a ) 2 CHCH a OM 
|h.o 

(CH a ) 2 CHCH a OH (9-77) 


In Section 7.1.1.a it was shown that the mesomeric system in glucore- 
ductone is not reduced with LAH. Similarly, /-ascorbic acid (CLII) and 
isoascorbic acid (CLIII) are recovered unchanged after refluxing for 13 
hours with LAH in ether (42). 



COH 


COH 

I 

HC— 

I 

HOCH 



COH 


II 6 

COH 

I 

HC- 1 

I 

HCOH 


CHjOH CHjOH 

CLII CLIH 

The LAH reduction of various acyclic lactones is summarized in Table 
XUX. 

9 .2.1.B Sugar lactones. LAH reduction of sugar lactones has been 
utilized to prepare various sugar alcohols. However, the low solubility 
of the sugar lactone in ethereal solvents necessitates conversion to a 
more soluble derivative. Reduction of 2,3,6-trimethyl-D-mannon<^>^lac- 



TABLE XLIX 

LAH Reduction of Acyclic Lactones 
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(o>-Cyclohezylbutyl)ketene dimer (IIL: R = l.ll-DicycIohexyM-hydioxjmiethyl-fi-uiidecanone 

CsHutCHaJJ 

3 ^Acetoxy-20-bydioxyallocholanic acid Allocholane-S^pZO^^triol 

lactone (X) 
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l F. A. Hochecein, ]. Am. Cbem. Soc,, 71, 305 (1949). 

’Reduction curied nut in tetrahydrofuran. 

Isolated dincetnte. 

*R. F. Ny strom end W, G, Brown, J, Am. Cbem. Soe.. 70, 373B (1940). 

■R. L. Went, ibid., 73. 2390 (1951). 
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'Isolated as cyclic ether (substituted tetrahydropyran) formed on distillation of 
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■M. Hausermann, Helv. Cbim. Acta, 34, 1482 (1951). 
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“R. D. Haworth and L. Wilson, ]. Cbem. Soc., 1930, 71. 

14 A. I. Ryer and W. H. Gebert, ]. Am. Cbem. Soc., 74, 4336 (1952). 
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tone (CLIV) and tetraaceryl-D-gulono-y-lactone (CLV) yields 2,3,6-tri- 
methyl-D-mannitol (83) and D-gulitoI (149), respectively. 



HCOH HCOCOCH, 


CHjOCHj CHjOCOCH, 

CLIV CLV 

Reduction of 6-C**-l ,2-isopropylidene-D-glucuronolactonc (CLVI) with 
LAH in ether permits the isolation of 6-C l, -l,2-isopropylidene-D-glucose 
in good yield. Acid hydrolysis of the isopropylidene group yields 6-C 14 - 
D-glucose (CLVII) in an 80% yield based on the lactone (150). 




HCOH 


HCOH 


CH,OH 


CHjOH 

CLVII 



9.2 


LACTONES 


517 


The reduction of CLVI with sodium borohydride in aqueous solution 
yields CLVII in 60% yield without permitting the isolation of the inter¬ 
mediate monoacetone compound (151). With both reducing agents ion- 
exchange resins are utilized for purification purposes, although with the 
borohydride some difficulty is experienced in complete removal of the 
borate ion. 

9.2.l.c Alicyclic lactones . Reduction of lactones containing an 
alicyclic backbone proceeds in the same manner as with acyclic lac¬ 
tones. Reductions of y and 5-lactones with LAH have been carried out 
in ether, tecrahydrofuran, dioxane, and benzene-ether solutions. 

Goering and Serres have converted czs-3-hydroxycyclohexanecarboxylic 
acid (CLVIII) to the lactone (CLIX) by heating at 170° for one-half hour 
followed by distillation. The lactone is reduced with LAH in ether solu¬ 
tion to the cis-diol with retention of configuration of C a and C a . The 
cyclic ether (CLX) is obtained instead of the cis-diol when the latter is 
distilled from a flask containing traces of acid causing acid-catalyzed 
intramolecular dehydration (152). 



CLX 

Ambreinolide (CLXI), m.p. 142°, [ot D ] +30°, prepared by chromic acid 
oxidation of ambr&ine, is reduced with LAH in ether to a glycol, m.p. 
133°, [a D ] -27° (153-155). 
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Cyclization of farnesylacetic acid with formic acid gives a lactone, m.p. 
136-138°, which is racemic ambreinolide. LAH reduction of racemic 
ambreinolide yields a racemic glycol, m.p. 128-129° (156). 

On treating ambreinolide (CLXI) with 80 % sulfuric acid at 20°, 60°, or 
90°, three isomeric lactones are obtained, named by Collin-Asselineau, 
Lederer, Mercier, and Polonsky (153) as isoambreinolides. Reduction of 
the isoambreinolides with LAH in ether yields isomeric glycols. The 
properties of these isomeric compounds are summarized in Table L. 


TABLE L (153) 

ambreinolide P 07 " H —isoambreinolide LAH -» glycol 


m.p. 142 ° [a 

D ] +30° C I? H„0, 


Isomerization 

Temp. 

Isoambreinolide 4 

Glycol* 

o 

o 

rj 

m.p. 143°, [a D ] +20° 

m.p. 93°, [a D ] +17° 6 

60° 

m.p. 98°, [a D ] -13° 

m.p. B9°, [<*p] +13.7° 
Liquid, ± —1° 

90° 

Liquid, b.p. 130-140° 

(0.2 mm.), [a D ] < ±1° 


“[a J chloroform. 

^Product containing a substance CmHuOj, m.p. 114-116°, whose analysis 
indicates elimination of one molecule of water between two molecules of glycol. 


Marrubiin, Ca 0 H 21 0 4 , a diterpene isolated from horehound (Marrubium 
vulgare L.), is reduced with LAH to marrubenol, C ao H sa 0 4l m.p. 138°. 
The structure of marrubiin has been postulated as either CLXII or CLXI1I 
(157). 



CLXII 


O 


II 



It was originally reported (158) that 2-(3,4,5-trimethoxyphenyl)»4,5-dimethyl- 
cyclohex-4-en-1-carboxyl ic acid (CLX1V) is lactonized by hydrogen fluoride or 
methanesulfonic acid to lactone A. This is opened irreversibly by alkali to a 
hydroxy acid which is converted to another lactone, B, by recrystallization from 
acetic acid or treatment with diazomethane. In contrast to A, lactone B dis¬ 
solves in alkali bur is regenerated on acidification. Both lactones are reduced 
by LAH to the same crystalline diol (CLXV). 
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CH s O 


These results are explicable by assuming that the two lactones are epimeric 
around the a-carbon. However, since the apparent inversion accompanying the 
reductions is contrary to the reported absence of inversion in LAH reductions 
the structures of the compounds need to be established conclusively (159). 

As discussed in Section 9.1.1.b.3 f the cyclization of 2-carbethoxy-2- 
(2-ketocyclohexyl)cyclohexane yields a product which may contain a 
lactone grouping (equation (9-38)). The LAH reduction of the cycliza¬ 
tion product yields an unidentified product (82). 

The LAH reduction of various alicyclic y- and 5-lactones is summarized 
in Table LI. 

9.2. l.d Aromatic lactones . The reduction of aromatic lactones y such 
as the phthalides, with LAH has been carried out with considerable suc¬ 
cess. The reaction has been applied to phthalides and naphthalides in¬ 
cluding various alkaloids and other natural products. 

Among the phthalides the reduction proceeds equally well whether the 
lactone is derived from a phenol or a benzoic acid derivative. Thus v 
phthalides such as CLXV1 as well as phenolic derivatives such as CLXVII 
are reduced with LAH to the corresponding glycols. 


O 



H a 


CLXVI 


CLXVIL 
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Ambreinolide 11 Glycol, m.p. 128-129°, racemic 

m.p. 136-138°, racemic 

Iaoambreinolide 10 Glycol 

CuHi^Oa Product from oxidation of estrone Glycol, m.p. 128-129 



LACTONES 


521 











9.2 


LACTONES 


523 


Reference*—Table LI 

l H, L. Goering and C. Series, Jr., J. Am. Cbem. Soc ., 74, 5908 (1952). 

*R. Ratouis and A. Willem arc, Compt, rend., 233, 1124 (1951)* 

’Reduction carried out in dioxane-ether mixture. 

4 R. Grewe and E. Nolle, Arm,, 573, 1 (1951). 

a M. Hinder and M, Stoll, Helv . Chim. Acta, 33, 1308 (1950). 

’Reduction carried out in tetrahydrofuran. 1 

7 H. Rapoport and G. B. Payne, J . Org, Cbem,, 15, 1093 (1950). 

’Reduction earned out in benzenMther mixture. 

9 R, D. Haworth and L. Wilson, J. Cbem, Soc,, 1950, 71. 

“N. L. Drake and E. H. Price, /. Am. Cbem. Soc., 73, 201 (1950- 
ia G. S. Davy, T. G. Halsall and E. R. H. Jones, Chemistry and Industry, 1951 , 
233. 

”G. S. Davy, T. G. Halsall, and E. R. H. Jones, /. Cbem. Soc., 1951, 2696. 

IS G. S. Davy, T. G. Halsall, E. R. H. Jones, and G. D. Meakins, ibid., 1951 , 
2702. 

X4 G . S. Davy, T. G. Halsall, and E. R. H. Jones, Chemistry and Industry, 1950 , 
732. 

lf C. Collin-Asselineau, Compt. rend., 235, 634 (1952). 

“See text. 

iT E. Lederer and M. Stoll, Helv, Chim. Acta, 33, 1345 (1950). 

“C. Collin-Asselineau, E. Lederer, D. Mercier, and J. Polonsky, Bull. soc. chim. 
France, [ 5 ] 17. 720 (1950). 

U P. Dietrich and E. Lederer, Helv. Chim. Acta, 35, 1148 (1952). 

*See text and Table L. 

n J. Jacques, A. Horeau, and R. Courier, Compt, rend., 229, 321 (1949)- 



524 


REDUCTION OF CARBOXYLIC ACID DERIVATIVES 


9.2 


Weygand (160) has utilized a phthalide (CLXVIII) in the synthesis of a 
dihydroxynaphthoquinone by the following scheme: 



Treatment of cerramycin with 20% sodium hydroxide in the presence of 
zinc yields, among other products, a phenolic lactone identified as 7- 
hydroxy-3-methylphthalide (CLXIX). Reduction with LAH yields the 
phenolic glycol which on methylation with diazomethane yields a methoxy- 
diol identical with the product obtained by the LAH reduction of the 
ketoester (CLXX) (161,162). 




CH a W^ 




(9-83) 


The influence of steric effects is seen in the report that phthalide 
(CLXVI) is reduced to o-xylylene glycol with the calculated amount of 
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LAH while the reduction of 7-chlorophthalide (CLXXI) requires five moles 
of LAH (92). 



(9-04) 


(9-85) 


The reduction of naphthalides presents an interesting problem. Treat¬ 
ment of (+)-eleuthero! methyl ether (CLXXII) with LAH yields the (+)- 
glycol after a 16-hour reflux in ethereal solution (163). LAH reduction of 
pentamethyldecarboxamidoterrinolide (CLXXIII), derived from an acid 
degradation product of terramycin, similarly yields the corresponding di¬ 
alcohol (164). 



Here the reduction of 2,3-naphthalides, in which the carbonyl group is 
attached to the aromatic nucleus, proceeds as expected. No examples of 
2,3-naphthalides based on 2-naphthol have been reported. 

LAH reduction of 1,2-naphthalides based on 1- or 2-naphthol proceeds# 
as expected even where steric influences might be anticipated. Thus, 
LAH reduction of the lactones of 0C-(l-hydroxy-2-naphthyl)phenylacetic 
acid (CLXXIV: R - C 6 H,; R, - H), a-(l-hydroxy-2-naphthyl)diphenyl- 
acetic acid (CLXXIV: R ■ R t ■ C.H,), a-(2-hydroxy 1-naphthyl)phenyl- 
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acetic acid (CLXXV: R ■ C 6 H 8 ; R t ■ H), a-(2-hydroxy-l-naphthyl)di- 
phenylacecic acid (CLXXV: R ■ ■ C 4 H B ) and 2-hydroxy- 1-naphthalene- 

propionic acid (CLXXVI) gives che corresponding diol in excellent yield 

( 165 , 166 ). 





In contrast, refluxing naphthalide (CLXXV1I), wherein the carbonyl 
group is attached to the aromatic nucleus, with LAH in diethyl ether 
causes no reduction. The reduction of the anhydride of naphthalene-1,2- 
dicarboxylic acid with LAH in diethyl ether yields CLXXV1I, with no 
further reduction under the same conditions. However, if the anhydride 
is refluxed with LAH in di-/»-butyl ether the final product is the diol 
(CLXXVffl) (167). 



CLXXVII 



CLXXVIII 


Baker has reported the reduction of sterically hindered acids with LAH 
in boiling di-r^butyl ether (168). It would be of interest to examine the 
behavior of a naphthalide in which the carbonyl group is in the j3-position 
on the naphthalene ring. 

The failure of the LAH reduction of tetraphenylphthalic anhydride in 
diethyl ether to proceed beyond the phthalide stage, while a separate re¬ 
duction of the phthalide with LAH in the same ether yields the glycol 
(169) is discussed in Section 8.2.l.b. 

Hochstein (3) reported that the reduction of coumarin (CLXXIX) with 
LAH in refluxing ether for 24 hours gives 50% of SK^hydroxyphenyl)” 
propanol (CLXXX), in which the double bond has been reduced, as well 
as 10% of o-hydroxycinnamyl alcohol (CLXXXI). 
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CH 2 CH 2 CH 2 OH ^ > jCH=CHCH 2 OH 

+ oc 


OH 

CLXXX 


CLXXXI 


Karrer and Banerjea (63) reported chat when the reduction is carried out 
in ethereal solution at room temperature by adding the lactone to LAH 
(2: 1 mole ratio) over a 20-minuce period, followed by an additional 30 
minutes of stirring, the product obtained in 73% yield is the unsaturated 
alcohol CLXXXI. In contrast the ethyl ester of coumaric acid gives the 
saturated alcohol CLXXX. 

Siegel and Coburn (170) reported that reduction of 3-phenylisocoumarin 
(CLXXXII) with LAH in the "usual way" gives a 59% yield of the satu¬ 
rated diol. 



The LAH reduction of benzoylanthranil (CLXXXIII) yields o-benzamino- 
benzyl alcohol (CLXXXIV). With one-quarter mole of LAH the reduction 
product retains the intact lactone grouping (CLXXXV) (171). 

^CHaOH 


or 


( 9 - 88 ) 



NHCOC.H, 

CLXXXIV 



c /H 

V.H. 


(9-89) 


CLXXXV 



C b HjC10i 7-Chlorophthalide 3-Chloro-o-xylylene glycol 
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Calophyllide, CnHuOj, m.p. 158-160°, an aromatic polycyclic com¬ 
pound isolated from the tropical tree "Calophyllum inophyllum,” con¬ 
tains two double bonds and a lactone group. The reduction of calophyl¬ 
lide by LAH has been reported to give only amorphous products (172). 

The reduction of the pseudo esters (CLXXXVI: R - CH B or CaHf) with 
LAH yields the diol (93,94), as discussed in Sections 7.1,l.b, 9.1.1.b.8 



CLXXXVI 

The LAH reduction of various aromatic lactones is summarized in 
Table LII. 


9-2.l.e Heterocyclic lactones . Mariella and Belcher reported (13) 
that the attempted reduction of the lactone of 3-carboxy-6*methyl-4-hy- 
droxymethyl-2(l)-pryidone (CLXXXVII) with LAH in diethyl ether, diethyl 
ether-tetrahydrofuran (1: 1), dioxane-diethyl ether (1:2), di-n-butyl ether, 
or di- 72 -butyl ether-dioxane (1: 1), with variations in the time of refluxing 
(1 to 7 days), the method of adding reagents and the working up of the 
product fails to yield any bis-hydroxymethyl compound. The only product 
which can be isolated besides unreacted starting material is a light 
yellow oil, which is not basic and does not give a positive ferric chlo¬ 
ride test. Catalytic hydrogenation with copper chromite at 170° and 190 
atmospheres pressure for 6 hours also fails to reduce CLXXXVII. The 
attempted reductions of the lactones CLXXXVIH and CLXXXIX with 
LAH have also been unsuccessful. 



CH. 

CLXXXVII CLXXXVII! CLXXXIX 


9’2.2 Reductions with Sodium Borohydrlde 

The use of the borohydride in the reduction of 6-C l4 -l,2-isopropylidene- 
-glucuronolactone to 6-C 14 -D-glucose (equation 9-78) has been discussed 
in Section 9.2.l.b. 
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Under controlled conditions the reduction of aldonic acid lactones with 
sodium borohydride can be utilized to obtain either the aldose or the 
glycitol. Thus, the addition of an aqueous solution of the borohydride to 
an aqueous solution of D-gluco-D-gu/o-heptono-y-lactone (CXC), while 
maintaining the temperature at 0-3° and the pH at 3*4, yields 66% of 
D-gluco-D-gu/c^heptose (CXCI). Reductions carried out in 95% aqueous 
methanol give much lower yields while in absolute methanol the reaction 
is extremely slow or absent. By reversing the order of addition, i.c., ad¬ 
dition of an aqueous solution of the lactone to an aqueous solution of 
sodium borohydride, at room temperature while maintaining the reaction 
temperature below 50° yields 67% of meso-gluco-gu/o-heptitol (CXCII) 
(173,174). 

CHO 

I 

HCOH 


HCOH 



(9-91) 


(9-92) 


HCOH 

CH,OH 

cxcn 

Under similar reaccion conditions D-lyxono-ylactone is reduced to D- 
lyxose or D-arabitol (132). Under the conditions described for reducing 
the lactone to the aldose, the following lactones give final reaction mix* 
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cures strongly reducing to Benedict solution (173)‘ D-gal act ono-y-lac tone, 
D-ribono-y- lactone, D-manno-D-ga/o-heptono-y-lactone. Dulcitol has 
been isolated from the reaction mixture from D-galactono-y-lactone. 

The lactone groups present in gluconic acid oxycelluloses have been 
reduced by sodium borohydride in a low pH solution to aldehyde groups 
and in alkaline solution to alcohol groups (175). 

The lactone group in various glycosides and aglycones has been re¬ 
ported to be resistant to the action of sodium borohydride in 80% dioxane 
solution. Thus, reduction of strophanthidin (CXCIII) results in reduction 
of the aldehyde group without attacking the lactone ring (176). 



CXCIII 

Other cardiac active glycosides and aglycones treated in a similar man¬ 
ner are: convallaroxin (176), desgluco-hellebrin (176), gofruside (177), 
corotoxigenin (177). 


9.3 ENOL ESTERS 

The reduction of steroidal enol esters with the complex metal hydrides 
yields mixtures of products which can be separated by chromatography on 
alumina or precipitation with digitonin. Since a major portion of the work 
in this field has been concerned with a comparison of the reducing action 
of LAH and sodium borohydride the material in this section is also pre¬ 
sented in this manner. 

Dauben, Micheli, and Eastham (178) have carried out the LAH reduc¬ 
tion of the enol acetate of cholestanone, 3-acetoxy-2-cholestene (CXCIV) 
and coprostanone, 3“acetoxy-3*coprostene (CXCVIII), with both normal 
and inverse addition. The jS-isomer, cholestanol (CXCVI), is the major 
Product in the reduction of CXCIV while the a-isomer, epicoprostanol 
(CXCIX), is the major product in the reduction of CXCVIII. The free 
ketones, cholestanone (CXCVII) and coprostanone (CCI), respectively, 
are also found in the reduction mixtures. 



534 


REDUCTION OF CARBOXYLIC ACID DERIVATIVES 


9.3 



X 



•“H o o 

PM *-H 


00 
i r\ 


GN ^ 
ITS GO 


N O rn 
H IN H 




LAH normal addition 
LAH inverse addition 






9.3 


ENOL ESTERS 


535 


Carbon-carbon double bond reduction is observed in all the produces. In¬ 
verse addition appears to increase the yield of the less available isomer. 
In contrast, reduction of CXCIV with sodium borohydride in a methanol- 
ether mixture reduces the yield of this isomer and increases the yield of 
the j8-isomer. In addition no ketone is recovered from the borohydride re¬ 
duction, probably due to the initial solvolysis of the enol acetate to the 
ketone which in turn is reduced, as discussed later in this section. 

These results can be compared with those obtained in the reduction of 
the parent ketones, cholestanone (CCII) and coprostanone (CCIII), (Sec¬ 
tion 7.2.1.1). 




7c Yield 


Ketone 

Reducing Agent 

Mode of Addition 

a-ol 

/3-oI 

Ref. 

CCII 

LAH 

Normal 

4 

91 

179 


LAH 

Inverse 

12 

82 

178 


NaBH 4 


13 

84 

170 

CCIII 

LAH 

Normal 

94 

4 

179 


LAH 

Inverse 

87 

7 

170 


NaBH 4 


76 

16 

178 


The less available isomer is formed to a slightly greater amount when 
the borohydride is used. The ratio of isomers from the ketone (CCII) is 
similar to the ratio obtained from, the enol acetate (CXCIV) with boro¬ 
hydride reduction, while LAH reduction gives a higher yield of the more 
available isomer and a smaller yield of the less available isomer from 
the ketones CCII and CCIII as compared with the enol acetates CXCIV 
and CXCVIII. 

Dauben and Eastham have carried out the reduction of the enol acetate 
of 4-cholestene-3-one (CCIV) with both LAH (180,181) and sodium boro¬ 
hydride (182) under a variety of reaction conditions. Delleau and Gal- 
lagher have carried out the reduction with sodium borohydride (183). The 
reduction of CCIV with LAH yields a mixture consisting of 4-cholestene- 
3-one (CCV), e pi cholesterol (CCVI), cholesterol (CCVII), and 4-cholesten- 
3ot- and 30-ols (CCVIII). The A 4 -stenols were not isolated directly but 
were detected by the isolation of cholesra-3,5-dicne after ,a mild acid 









536 


REDUCTION OF CARBOXYLIC ACID DERIVATIVES 


9.3 


treatment. The reduction of CCIV with sodium borohydride yields a mix¬ 
ture of the four isomeric stenols but no free ketone (CCV) is obtained. 
The relative amounts of these products are summarized below: 







Temp., 

Solvent 

Mode of 


% Yield 


Ref. 

°c. 

Addition 

CCV 

CCVI 

CCVII 

CCVIII 

-10 

EtjO 

Normal 

LAH 

32 

15 

34 

B 

180,181 

25 

Ec a O 

Inverse 

34 

16 

34 

0 

181 

65 

THF 

Normal 

29 

17 

32 

13 

181 

90 

n-Bu a O 

Inverse 

28 

6 

33 

9 

181 

2 

MeOH-EtjO 

Inverse 

NaBH 4 

0 

13 

75 

7 

182 

55 

MeOH-Et a O 

Inverse 

0 

13 

69 

a 

182 

55 

MeOH-Ec a O 

Normal 

0 

14 

58 

23 

182 

5 

EcOH-H a O 

Normal 

0 

7.5 

70 

1-3 

183 


The reduction with LAH yields a ratio of cholestenone, cholesterol, 
and epicholesterol which is not significantly affected by the time, tem¬ 
perature, concentration of hydride or the mode of addition. Higher tem¬ 
peratures favor the formation of the 4-cholesten-3-ols while inverse ad¬ 
dition at lower temperatures apparently prevents their formation. In a 
few runs, an unknown steroid, m.p. 168-169°, was isolated in 

2 -3% yield but not further characterized. 

The reduction with sodium borohydride yields cholesterol as the pre¬ 
dominant product. The quantity of the 301-ol obtained in this case is 
similar to that obtained in the LAH reduction while the yield of the 3j8-ol 
is essentially doubled. Since sodium borohydride does not normally re¬ 
duce esters the mechanism of the borohydride reduction must differ from 
that of the LAH reduction. It has been proposed (182,183) that the ini- 
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tial step in the former reduction is the solvolysis of the enol acetate 
(CC1V) to yield the free ketone (CCIX) via the enol form. The 5-cholesten- 
3-one (CCIX) is almost completely reduced before it can rearrange to the 
more stable 4-cholescen-3-one (CCV). The reduction of the ketones CCIX 
and CCV yields the 5-stenols and 4-stenols, respectively. 



The recovery of unchanged enol acetate after treatment with sodium boro- 
hydride in pyridine is considered evidence for the initial step of the re¬ 
duction, i.e. f solvolysis of the ester to the enol, since a carbonyl group 
is readily reduced by this method (183). Further, the reduction of 5- 
cholesten-3-one with the borohydride is reported to yield 72% of cholesterol 
and 23% of epicholesterol (178), a ratio similar to that obtained in the 
reduction of the enol acetate (CCIV). 

Brown (184) has reported that the results obtained by Dauben and 
Eastham (181) in the LAH reduction of the enol acetate of. 4-cholesten-3- 
one have been confirmed and that aluminum hydride yields the same re¬ 
sults. However, the action of aluminum hydride in the presence of alumi¬ 
num chloride causes the reaction to follow a different course, yielding 
16% of 4-cholestene (CCX), 20% of 4-cholesten-3-one (CCV) and 49% of a 
molecular compound, C a7 H„O a , m.p. 196-197°. The action of aluminum 
chloride on the enol acetate in ether quantitatively yields 4-cholesten- 
3-one. 





+ C a7 H 4B O a (9-97) 


O 


CCV 
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Acetylation of the molecular compound yields two diacetates, m.p. 157* 
158° and 112-113°. These on hydrolysis give two diols, m.p. 177-176° 
and 179-180°, respectively. An equimolar mixture of the two diols, on 
recrystallization, yields the original molecular compound as does hy¬ 
drolysis of an equimolar mixture of the two diacetates. A mixed melting 
point of the two diols has m.p. 70-193°. Brown suggests that the com¬ 
pound isolated by Dauben and Eastham (181) in 2-3% yield may be an 
impure specimen of the molecular compound or one of its component diols 
and further speculates that the diols are the irons-5-cholesten-3,4-diols. 

4-Cholesten-3-one-4-C i4 has been converted to cholesterol-C 14 in 50% 
yield, based on recovered ketone, by LAH reduction of the enol acetate 
(181). The enol acetate of 4-cholesten-3-one-3-C 14 has been reduced to 
cholesterol-3-C 14 in 60% yield with sodium borohydride in ethanol (185). 

Belleau and Gallagher have treated 4-cholesten-3-one with f-butyl- 
magnesium chloride to obtain the enolate. Hydrolysis of the latter ap¬ 
parently regenerates the A"-3-ketone since reduction with sodium boro¬ 
hydride in aqueous ethanol gives a 37% overall yield of cholesterol (183). 

The reduction of 3-acetoxycholesta-3,5,7-triene (CCXI) with sodium 
borohydride in a methanol-ether mixture at room temperature yields a mix¬ 
ture of 30t- and 3/3-hydroxycholesta-5,7-dienes containing 70% of the 3jS- 
isomer, 7-dehydrocholesterol (186). 



The reduction of 3-acetoxy-22-isospirosta-3,5,7-triene (CCXII) with so¬ 
dium borohydride in a dioxane-methanol-water mixture at 10° yields ap¬ 
proximately 70% of 22-isospirosta-5,7-dien-3^-ol (CCXIII). When the re¬ 
duction is carried out at 80° the crude 3/3-ol (85% yield) is contaminated 
with some A 4,# -dien-3-ol (187). 



CCYTTT 
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In accordance with die mechanism outlined in equation (S^96), CCXIII re¬ 
sults from die rapid reduction of the unconjugated ketone formed by hy¬ 
drolysis of the enol acetate. Apparently, at the higher temperature some 
isomerization of the unconjugated ketone to the A 4, *-dien-3-one occurs 
prior to the reduction. The reduction of 3-acetoxy-22-isospirosta-3,5 v 7, 
9 (ll)-tetraene (CCXIV) with sodium borohydride yields essentially the 
same yield of 22-isospirosta-5 f 7,9(1 l)-trien-3/3-ol whether the reduction 
is carried out at 10° (69% yield) or 80° (68% yield). 


NiBH^ 


CCXIV (9-100) 

Owing to the longer conjugated triene system, the isomerization of the 
initially formed unconjugated ketone to the conjugated form is slow so 
that reduction of the unconjugated ketone predominates (187). 
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CHAPTER 10 


Reduction of 

OXYGEN-CONTAINING ORGANIC COMPOUNDS 
IV. Carboxylic Acid Derivatives 
(Amides, Lactams, Imides, Carbamates) 


10.1 AMIDES 

10>1.1 Redactions with Lithiam Alaminam Hydride 

The reduction of an amide with LAH generally proceeds to yield the 
amine with the same number of carbon atoms (1,2). However, various N- 
acylated heterocyclic compounds with aromatic character as well as amides 
containing large bulky groups can undergo reductive decomposition to 
aldehydes or alcohols and the amine component. The reaction is carried 
out without difficulty although yields of products are often somewhat lower 
than those obtained in the LAH reduction of various other functional 
groups. The reduction of amides by other means requires the use of vig¬ 
orous conditions. Thus, catalytic hydrogenation is carried out under 
200*300 atmospheres of hydrogen at 230*265° in the presence of at least 
15% copper chromite. In the hydrogenation of unsubstituted amides by 
this method the product consists of a mixture of primary and secondary 
amines in which the latter frequently predominates (3). Other methods 
utilized have been electrolytic reduction, reduction with sodium in boil¬ 
ing alcohol and replacement of the amide oxygen with sulfur followed by 
electrolytic reduction or catalytic hydrogenation over Raney nickel (2). 

10.1.1.a Mechanisms of reduction „ The reduction of amides consumes 
one-half mole of LAH per mole of amide according to the equation: 

O 

II 

2 RCNR'j + LiAlH, -* 2 RCH,NR' 4 + LiAlO, (10-1) 

Unsubstituted or monosubstituted amides require an additional one-quarter 
mole of LAH for each active hydrogen atom present. 

The reduction of the amide to an amine has been explained on the basis 
of the attack of a positive A1H, ion on two molecules of amide, yielding 
a complex aluminum ion (I) which upon hydrolysis is cleaved to form the 
corresponding amine. The formation of aldehydes is postulated as pro¬ 
ceeding through the complex (11) formed by the attack of the aluminohydride 
ion A1H 4 . Upon hydrolysis, this complex yields an unstable amino alco¬ 
hol, which would decompose, by intramolecular displacement, to the alde¬ 
hyde and the starting amine (4,5). 
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Steric hindrance on the nitrogen atom, preventing formation of an aluminum- 
nitrogen bond, and stabilization of the resonance structure (III) by suitable 
substituents on the nitrogen atom, favor formation of aldehydes (4,6). 





: O: 

9 

III 


( 10 - 2 ) 


The formation of alcohols is also favored by steric hindrance and the 
stability of resonance structure (III) but has been attributed to the de¬ 
composition or hydrolysis of the amide molecule at the moment of reac¬ 
tion with the hydride with simultaneous reduction to the alkoxide anion (4). 

The postulation of a simple single common intermediate appears to be 
more probable and logical than three distinct mechanisms involving dif¬ 
ferent reactive species. The following mechanism can be postulated 
(7,8) for the reduction of amides and vinylogs of amides to yield the cor¬ 
responding ozygen-free compounds: 



IV (10-3) 

The reactive species here is the aluminohydride ion A1H 4 ® which, ac¬ 
cording to Paddock (9), exists in ether solution in equilibrium with alu¬ 
minum hydride and the hydride ion. The attack of the hydride ion and 
the tendency of the nitrogen atom to donate its electron pair to the elec¬ 
tron deficient carbon results in a cleavage of the carbon-oxygen bond to 
yield the amine, with a total consumption of one-half mole of lithium alu¬ 
minum hydride. 
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When the electron-donating tendency of the nitrogen atom is decreased 
by stabilization, the adjacent carbon assumes a more positive character. 
The attack by the hydride ion alone or in conjunction with a shift of elec¬ 
trons from the oxygen atom results in a cleavage of the carbon-nitrogen 
bond to yield the carbonyl derivative and the starting amine. 


© 

sOAlH. 



IV 



H 



(10-4) 


The isolation of aldehydes generally requires the addition of one-quarter 
mole of lithium aluminum hydride to a solution of the amide. These con¬ 
ditions are fulfilled by the indicated mechanism. The aldehyde therefore 
does not arise as a result of hydrolysis of an intermediate complex but is 
present in the reaction mixture prior to hydrolysis. The use of excess 
complex hydride causes a reduction of the aldehyde to the corresponding 
alcohol. 

lO.l.l.b Unsubstituted amides . The LAH reduction of unsubstituted 
amides has been utilized in the synthesis of primary amines as summarized 
in Table LIII. 

The reduction of half amide-half acids has been used to prepare amino- 
alcohols. Reduction of succinamic acid (V) yields the open-chain 4-amino- 
1 -butanol (10). 

CH.COOH CH a CH a OH 

I — I (10-5) 

CH,CONH, CH,CH,NHj 

V 


Reduction of 2-dodecylsuccinamic acid (VI) yields the pyrrolidine by ring 
closure of the open-chain reduction product (10). 

C la H aI CHCOOH C ia H al CH —CH a 

I LAH I I (10-6) 

CH a CONH a H a C^ ^CH a 

N 

VI H 

Reduction of 2-dodecyl-3-methylsuccinamic acid is reported to yield a 
mixture of the open*chain aminoalcohol and the pyrrolidine (11). 

The attempted reduction of pivalamide (VII) has been reported as un¬ 
successful (12). Attempts to reduce 4 , 5 -dihydroglyoxaline- 2 -acetamide 
(VIII) with LAH in boiling dioxane or catalytically over platinum oxide 
have been unsuccessful (13). The failure of the LAH reduction is at¬ 
tributed to the insolubility of VIII. 
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CH, 

I 

CH.CCONH, 

I 

CH, 


VII 


H,C-CH, 

I I 

"S/ 

C 

I 

CH,CONH, 

VIII 


The amide derivatives of lysergie acid, isolysergic acid and dihydro- 
lysergic acid have been reduced with LAH to the corresponding amines 
(14). Polymethylol compounds isolated or postulated in phenol-formalde¬ 
hyde condensations have been synthesized by LAH reduction of phenol 
carboxylic acids. By reduction of the amides of these acids the amines 
can be prepared (15). 

Reid and Smith (16) reported that the attempted hydrolysis of the reac¬ 
tion mixture from the reduction of Ol,a y 0,j9-terrafluorosuccinamide with 
LAH in ether resulted in a violent explosion and ether fire upon addition 
of a few drops of water. The explosion has been explained by the reac¬ 
tion of the diamide and LAH to give an unstable complex. The solid 
complex isolated by the evaporation of the ether from the reaction mix¬ 
ture detonates at room temperature with great violence. Small scale re¬ 
ductions of the succinamide can be successfully carried out to yield the 
diamine. The complexes from LAH and perfluorobutyramide and perfluoro- 
adipamide require heating on a hot plate to cause decomposition. How¬ 
ever, the production of free carbon indicates the deep-seated nature of 
the decomposition. 

Husted and Ahlbrecht have reported that the reduction of perfluoro¬ 
butyramide (IX) with excess LAH in ether yields 1,1-dihydroperfluoro- 
butylamine and perfluorobutyraldehydrol (X). The latter, arising by the 
reaction of the aldehyde and the aqueous hydrolysis medium, is dehydrated 
ro the aldehyde with concentrated sulfuric acid (17). 

CF,CF,CF,CONH, LAH CF,CF,CF,CH,NH, + CF,CF,CF,CH(OH), 

IX X (10-7) 

The reduction of Ol-hydroxyvaleramide (XI) with LAH in ether followed by 
acetylation of the reduction products has been reported to yield the ex¬ 
pected 1-amino-2-pentanol accompanied by 1,2-pentanediol, isolated as 
the diacetyl derivatives (18). 


CH.CH.CH.CHCONH, CH^H.CHjCHCH.NH, + 

OH OH 

XI 


CH I CH,CH,CHCH 1 OH (10-8) 
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The LAH reduction of amides to aldehydes and alcohols is discussed in 
Section 10.1.1.d.2. 

10.1.1.C Monosubstituted amides. The LAH reduction of monosubsti- 
tuted amides generally yields the corresponding secondary amine. The 
yield of amine may depend upon the concentration of LAH, the reaction 
conditions and the method of isolation of reduction products. 

1 , N-Formyl amines . The formylation of a primary amine yields an 
N-formyl derivative which is reduced with LAH to the N-methyl com¬ 
pound (19). 

RNH, RNHCHO LAH RNHCH, (10-9) 

The reduction of N-formyl amines is summarized in Table LIV. 

Eiter and Svierak have carried out an investigation of the constitution 
of folicanthine, an alkaloid from the leaves of Calycanthus floridus L. 
Distillation of folicanthine with zinc dust (20) or hydrolysis with con¬ 
centrated hydrochloric acid (21) gives an oily base, C^N^N,, containing 
one N-methyl group. This base with ethyl or methyl formate gives a mono¬ 
formyl derivative which is reduced with LAH in ether or tetrahydrofuran 
to yield an N-methyl compound (20,21). The non-identity of 7,o>-N-di- 
methyltryptamine (20,21), o^N-ethyltryptamine (21) and o^N-methylhomo- 
tryptamine (21), obtained by LAH reduction of the corresponding amides, 
with the product derived from folicanthine has resulted in the postulation 
that the base C ia H ie N 2 has structure XII. However, various schemes to 
synthesize this compound have been unsuccessful at intermediate stages. 
The structure XIII has been proposed for folicanthine. 



CH B CH, 

XII XIII 


Eiter and Mrazak (22) have reported that reduction of o>-N-formyl-jS- 
['Hl,2,3,4-tetrahydroquinolyl)]ethylamine (XIV) with LAH in tetrahydro- 
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furan gives jS-U-O^^^-tetrahydroquinolyOl-N-methylethylamine (XV) in 
81% yield. 



XIV 



( 10 - 10 ) 


When the reduction of XIV is carried ouc with a 1 'practical” grade of 
LAH, in addition to a 54% yield of XV, a compound, m.p. 148°, with the 
empirical formula C ts H| 4 N a , is obtained in 36% yield. This compound 
contains one N-methyl group and one active hydrogen. Two possible 
structures, XVI and XVII, have been postulated, with preference given to 
XVI due to the similarity in the ultra-violet spectra between the unknown 
compound and 3-N-methyl-4-pyrroquinoline. 




XVI XVII 

Analysis of the LAH utilized in this study indicates that the only differ¬ 
ence between the pure and practical grades of LAH is the higher LAH 
content in the pure grade. The reduction of n>-N-formyl-j8-t2-(l,2,3,4- 
tetrahydroquinolyl)]ethylamine (XVIII) with the practical grade of LAH 
gives a 67% yield of /3-[2-(l,2,3 l 4-tetrahydroquinolyl)]«N-methylethylamine 
(XIX). No product arising from a cyclization reaction is isolated. 



CHjCHjNHCHO 


XVIII 


LAH 


00 CH.CH, 
H 


XIX 


NHCHj 
( 10 - 11 ) 


2. Other monosubstituted amides . Although the LAH reduction of 
monosubstituted amides to the corresponding amines can be carried out 
without difficulty, in some cases extended heating is necessary for maxi¬ 
mum yields. Thus, acetanilide, after one hour of heating with a 200% ex¬ 
cess of LAH, gives 72%, and after five hours 93% N-ethylaniline. Butyr- 
anilide is reduced to N-butylaniline in 77% yield after one hour and in 
92% yield after seven hours of heating. N-Cyclohexylacetamide after one 
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hour of heating gives 39%, after 24 hours 82% and after 36 hours 88% of 
the corresponding amine. The reduction of N-cyclohexylbenzamide re¬ 
quires 34 hours of heating to yield 89% of N-cyclohexylbenzylamine (4). 

Although the reduction of pivalamide has been reported as unsuccess¬ 
ful (12) the reduction of (+)-N-triraethylacetyl-a-phenylethylamine (XX) 
gives the neopentylamine in 97% yield (23). 


(CH,) 1 CCONHCHC s H i 


LAH 


I 

CH, 


(CH,),CCH 1 NHCHC.H, 

I 

CH, 


( 10 - 12 ) 


XX 


The LAH reduction of monosubsticuted amides containing the quinoline 
nucleus presents an interesting picture. While reduction of £-(2-quino- 
1 yl)-o^N-f ormyl ethyl amine (XXI) and /8-(4-quinolyl><k*JSI-formylethylamine 
(XXII) yields the corresponding N-methylethylamine in 67 and 68% yields, 
respectively, the attempted reduction of 2-quinolyl-N-methylacetamide 
(XXIII) and 4-quinolyl-N-methylacetamide (XXIV) yields only traces of 
the same products (22,24). 




XXIII 


CH a CH a NHCHO 




Thus, the removal of the amide grouping from the terminal position to an 
internal position closer to the heterocyclic nucleus and where the rela¬ 
tive positions of the amine and carbonyl groups are reversed appears to 
have resulted in a much decreased reducibility. 

The reduction of N-benzoyl-O-acetyl-oaminophenol (XXV) with LAH in 
tetrahydrofuran yields the expected o-benzylaminophenol (XXVI) and an 
oil of which the infrared constants and the analytical data of the product 
with phenyl isocyanate, m.p. 192-195°, indicate an isomer of XXVI. 


a OCOCH s 

NHCOC.H, 

XXV 


LAH 


or 


NHCH,C,H, 

XXVI 


(10-13) 
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A similar oily by-produce is obtained in the LAH reduction of N,N,0- 
criaceryl-o-aminophenol (XXVII) while reduccion of N,N-diacetyl-o-anis- 
idine (XXVIII) yields only the expected product (25). 


a OCOCH, 

n COCH, 


^COCH, 

XXVII 


oc 


OCH s 
,COCH 

n; 

"COCH 

XXVIII 


s 

i 


The phenolic hydroxyl, already present or formed by reduction of the 
ester, therefore seems essential for the formation of the oily by-products. 

Stork and Conroy reported that the reduction of the N-methylacetamide 
(XXIX) with LAH is extremely slow and leads to considerable removal of 
aromatically bound halogen. No definite products have been isolated (26). 



XXIX 

The LAH reduction of mono substituted amides other than N-formyl de¬ 
rivatives is summarized in Table LV. 

3- Selective reduction . Felkin (27) reported that under appropriate ex¬ 
perimental conditions oxygen containing functional groups can be selec¬ 
tively reduced without affecting the amide group. Thus, addition of the 
"theoretical” amount of LAH to ethyl 2-acetamido-2-benzyl-3-phenyl- 
propionate (XXX) gives 2-acetamido-2-benzyl->phenyl-l-propanol (XXXI). 

CHyCflH, CH 2 C 6 H 9 

i ...» i 

CfHfCH.CCOOC.Hf C,H,CH,CCH.OH (10-14) 

I I 

NHCOCH, NHC0CH s 

XXX XXXI 

Various reductions in which the amide grouping has been retained in¬ 
tact have been reported in the attempted syntheses of chloramphenicol 
and its analogs. Carrara and Weitnauer (28) have reported that the reduc¬ 
tion of the ethyl ester of N,0-diacetyI-j3-phenylserine (XXXII) gives N- 
acetylphenylserinol (XXXIII) among other products. 
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Reduction of M^ocarbomethoxyphenylacetamidoethyDindole (XL) 
with 2.6 moles of LAH per mole of XL in a benzene-ether mixture yields 
the hydroxymethyl compound retaining the amide group (34). 

H, H, 




XL 


Reduction of the methyl ester of dibenzoyl-L-histidine (XLI) with an 
ethereal LAH solution, utilizing 4.3 moles of LAH per mole of XLI re¬ 
sults in the isolation of the monobenzoyl-L-histidinol (XLII) (35). 

N-CCH-CHCOOCH, N-CCH,CHCH,OH 

II II I & II II I dO-20) 

HC^ / CH NHCOC.H, HC^ / CH NHCOC.H, 

N N 

H 

0=CC,H, 

XLI 

The inverse addition of the calculated amount of LAH at -15° to N- 
methylcyclohexanecarboxamide (5,36) and other raonosubstituted amides 
(4) has been reported to result in the complete recovery of the amide. 
Treatment of ers-2-benzamid<^3*acetoxyl-methanesulfonyloxyl-phenyl- 
propane (XLII) in a benzene-ether mixture with 0.87 mole of LAH per 
mole of XLII has been reported to yield an uncrystallizable gum whose 
constitution was not determined (37). 

CfHfCH—CHCHjOCOCH, 

l I 

CH.SOjO NHCOC.H, 


XLII 
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Benzoylacion of arginine followed by esterification yields the ethyl 
ester of dibenzoylarginine, probably XLIII. Reduction with LAH in tetra- 
hydrofuran yields dibenzoylargininol which is hydrolyzed to argininol 
with 20% sulfuric acid (38). 


NH 

/ 

CHjCHjNHC —NHCOC.H, 

| LAH 

CHjCHCOOC.H, 

I 

NHCOC.H, 

XLIII 


NH 

CH a CH,NHC—NHCOC.H, 
I 

CHjCHCHjOH 

I 

NHCOC.H, 


( 10 - 21 ) 


Karrrr and Nicolaus (39) have reduced a number of peptides to the 
corresponding amines with excess LAH in tetrahydrofuran. The following 
peptides have been successfully reduced by this treatment: glycyl-L- 
leucinamide hydrochloride, carbobenzoxyglycyl-L-leucinamide, carboben- 
zoxyglycyl-L-leucine methyl ester, diglycylglycine ethyl ester acetate. 

Jolles and Fromageot (40,41) have reported the reduction of peptide 
esters and acids with LAH in N-ethylmorpholine. Although ester, acid 
and carbamate groups are reduced by the reagent the amide is reported as 
being retained in the product peptide alcohol. Thus, reduction of the fol¬ 
lowing peptides gives the corresponding peptide diol with the indicated 
yield: 


Peptide 

% Peptide Diol 

Benzyl ester of carbobenzoxy-DL-aspartyiglycine 

51 

ethyl ester 

Benzyl ester of carbobenzoxyglutamylglycine 

11.2-40.3 

ethyl ester 

Gl utamyl gl ycine 

5 

Glut amyl glycine diethyl ester 

31 

Glutathione diethyl ester 

30-44 


Fromageot et al. (42,43) have described a method for the characteriza¬ 
tion of terminal carboxylic groups in proteins involving reduction with 
LAH in N-ethylmorpholine. The reduction product, a peptide alcohol 
containing an intact amide group, is hydrolyzed and the hydrolysate con¬ 
sisting of aminoacids and aminoalcohols is separated and characterized 
by paper chromatography, This method has been applied to a characteri¬ 
zation of insulin. Bailey (44) has reported that LAH is not satisfactory 
for the determination of the amino acid sequence in peptides since evi¬ 
dence of amide reduction has been observed. 
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Avison and Morrison attempted the selective reduction of the N-methyl- 
amide group in XLIV with LAH but obtained only a mixture of basic prod¬ 
ucts from which a pure compound was not isolated (45)> 

C.H, 

I 

C1CH,CH } CH,CC0NHCH, 

I 

CN 

XLIV 

10.1.1.d Disubstituted amides . The LAH reduction of N,N-disubsti- 
cured amides under normal conditions, e.g., with a slight excess of hydride, 
generally yields the tertiary amine. However, in some cases alcohols oi 
aldehydes may be obtained as a result of the reaction conditions or the 
structure of the amide. 

1. Reduction of amides to amines . The LAH reduction of disubstituted 
amides requires one-half mole of hydride according to the equation 

2 RCONR'j + LiAJH 4 -> 2 RCH,NR\ + LiAIO a (10-22) 

Although in most cases a large excess of LAH has been used, Micovic and 
Mihailovic (4) have reported quantitative reductions with a 25-30% ex¬ 
cess of LAH and have stated that a larger amount of hydride does not in¬ 
crease the yield of amine. It is of interest to note that the reaction of a 
disubstituted amide with the Grignard reagent also yields a tertiary amine 
(46). 


(CHj)jCH 


\ 


/ 


NCHO + RMgX 


(CH,),CH 
XL V 


(CH,),CH 

NCHR, 

/ 

(CH, ) a CH 


(10-23) 


Although reductions according to equation (10-22) generally proceed 
without difficulty an interesting rearrangement has been observed. Dahn 
and Solms (47) have reported that the reduction of N-methyl-N-OC-naphthoyl- 
9-fluorenylamine (XLVI) with LAH in refluxing ether gives a 73% yield 
of die expected N-mechyl-N-a-naphthylmethyl-9.fiuorenylamine (XLVII). 
When the reduction of XLVI is carried out in tefluxing tetrahydrofuran, in* 
stead of the tertiary amine, the product in 56?! yield is the secondary amine 
N-methyl-9-a-naphthylmethyl-9-fluorenylamine (XLVIII). That the reduc¬ 
tion proceeds through XLVII is proved by the conversion of the tertiary 
amine to the secondary amine by the action of LAH in tetrahydrofuran. 
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The same reaction is observed in the reduction of N-methyl-N-/9-naphthoyi- 
9-fluorenylamine (XLIX) with LAH in tetrahydrofuran to N-methyI-9-/8- 
naphthylmethyl-9-fluorenylamine (L). 



XLIX L (10-25) 

A rearrangement which corresponds to the above has been observed in 
the action of alkali on a quaternary base: 



(10-26) 
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Similarly a rearrangement is reported among the fluorenyl ethers: 



(10-27) 


In both the quaternary base and the ether the benzyl group migrates to the 
fluorenyl residue. The mechanism for the LAH reduction is postulated as 
proceeding through the anion LIII, formed by the pro ton-withdrawing abil¬ 
ity of the LAH acting as a strong base, analogous to phenyl lithium or 
sodium alcoholate. 



The non-occurrence of the rearrangement under mild conditions is shown 
in the reduction of N-methyl-N-(X-naphthoylbenzhydryl amine (LIV) with 
LAH in ether to the a-naphthylmethyl tertiary amine LV (48). 

CH, CH S 



The reduction of the jS-naphthoyl compound similarly yields the tertiary 
amine. A model reduction of tribenzylamine with LAH in ether results in 
recovery of the starting material. The reduction of N-benzyl-N-Ot-naph- 
thoylbenzhydrylamine (LVI) and the /3-naphthoyl compound (LVII) with 
LAH in diethyl or di-n-butyl ether is reported to give M no tertiary amine/ 1 


CH,C B H B 


O CH s C 6 H b 



Nystrom and Brown (1) reported that the reduction of N v N-diethylben- 
zamide gives benzyl alcohol instead of the expected amine. In a recent 
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review, however, it has been pointed out that this reduction was carried 
out in the hope of obtaining benzaldehyde as an intermediate product and 
not under conditions favoring reduction to the amine (49). Mousseron and 
his coworkers (5 V 36) have reported that the reduction of N,N-diethylben- 
zamide with an equimolar quantity of LAH at ambient temperature gives a 
90% yield of N,N-diethylbenzylamine without any trace of benzyl alcohol. 
Micovic and Mihailovic (4) have also obtained the corresponding amine in 
over 90% yield under normal conditions. As discussed in Section 10.1, l.d.2, 
benzyl alcohol and/or benzaldehyde are obtained by carrying out the re¬ 
duction with decreased quantities of LAH at low temperatures. 

The LAH reduction of various disubstituted amides, in which the amido 
nitrogen is not part of a heterocyclic ring, to the corresponding amines is 
summarized in Table LVI. 

The LAH reduction of amides in which the amide nitrogen is part of a 
heterocyclic ring yields the corresponding tertiary amines. Thus, reduc¬ 
tion of l-acyl-2-piperidinomethylpiperidines (LVIII) yields the l-alkyl-2- 
piperidinomethylpiperidine (50). 



COR 


CH a R 


LVIII 


R * H, alkyl, arylalkyl, phenyl, substituted phenyl 


(10-29) 


The alkaloid veatchine, C aa H„NO a , has been assigned the partial struc¬ 
ture LIX (51). Selenium dehydrogenation followed by LAH reduction 
yields a tetrahydro base, C^H^NO, which contains a secondary alcohol 
and a secondary amino group. Formation of the 0,N-diacetate derivative 
followed by LAH reduction yields an oily base, C aa H 97 NO, in which the 
N-acetyl group has been converted to the N-ethyl group. 



Morrison, Long, and Konigstein (52) have reported that reduction of the 
piperidide LX with one mole of LAH yields 30% of the piperidine (LXI) 
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and 32% of the propanol derivative (LXII) as well as piperidine, identified 
as the reineckate. 

CgH, 

/T\ I 

< NCOC —O —CH,CH,N(CH,), 

C.H. 


LX 


C.H, 

( VcH,C— 




O- -CHjCH.NfCH,), 


LAH | 


C.H, 


LXI 


(10-31) 


(C i H t ) 1 CCH,CH 1 N(CH 1 ), 

OH 



LXII 

The propanol (LXII) is also obtaine'd by hearing (2-dimethylaminoethoxy)di- 
phenylmechane (LXIII) in benzene wich powdered sodium. The reaction 
with sodium is formulated as follows: 

(C,H,),CHOCH,CH,N(CH,), — (C.H.J.C—OCH I CH 1 N(CH I ) I Na® 


LXIII 


(C.H f ) l CCH,CH 1 N(CH J ) 1 «- (C a H i ),CCH I CH,N(CH 1 ), 


( 10 - 32 ) 


OH 


O® Na® 


LXII 


The LAH reduction of LX is postulated analogously: 


(c.H.y.c 


/ 


-o 


\ 


(C.H.J.C 


OCHjCH^CH,), 

LX 


O® M’ 

/~\ 

ch— i: ' 

/ \ — / 


\ 




OCH,CH 1 N(CH,) l 


(10-33) 


CH 1 CH 1 N(CH I ) I 

V 


e 

(CAJ.c, 


\ 


OCH 1 CH,N(CH,) I 


0 


CHO 
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While the reductions of N-acetyl-l,2,3,4-tetrahydroquinoline (LXIV) (4) 
and 7-amino-2-benzoyl-l,2,3,4-tetrahydroisoquinoline (LXV) (53) yield the 
expected amines, 



0 = CCHt 

LXIV LXV 


the reduction of N-benzoyl-l v 2,3,4-tetrahydroquinoline (LXVI) yields, be¬ 
sides the corresponding amine, benzyl alcohol and l,2,3|4-tetrahydroquin- 
oline. The ratio of products does not depend upon the amount of LAH nor 
upon the time of heating but is affected by the temperature of the reduc¬ 
tion (4). 



O—CCA CHjCgH, 

LXVI 


C i H f CH 1 OH 


(10-34) 


The LAH reduction of amides, in which the amido nitrogen is part of a 
heterocyclic ring, to amines is summarized in Table LV1I. 

2. Reductive decomposition. By appropriate modification of the ex¬ 
perimental conditions the LAH reduction of amides can be directed to 
yield, by reductive decomposition, aldehydes or alcohols. N-Acylated 
heterocyclic compounds with aromatic character are reduced even under 
normal conditions to alcohols and the heterocyclic amines. By applying 
special conditions these compounds give aldehydes and the heterocyclic 
amines. 

Friedman reported that the inverse addition of one-quarter mole of LAH 
in ether or tetrahydrofuran per mole of disubsticuted amide, at tempera¬ 
tures maintained from -70° to 0°, depending upon the compound under 
investigation, results in the formation of the corresponding aldehyde (54). 


RCOl/ LAH ^ -» RCHO 

V 


(10-35) 


This technique and modifications thereof have been applied to the 
synthesis of various aldehydes. The amides utilized have included N,N- 
dimethyl-, N,N-diethyl-, N,N-dibutyl-, N-methyl-N-phenyl-, N,N-penta- 
wethylene-, and aromatic heterocyclic derivatives. Attempts to synthe¬ 
size aldehydes from N-methylcyclohexanecarboxamide (LXVII) (5,36), 



TABLE LVII 

LAH Reduction of Amides Containing Heterocyclic Amido Groups to Amines 

_ Amidc _ Product % Yield Ref. 

N-Focmylpyrrolidine 1 -Methylpyrrolidine 60 1 
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N,N'-dimethyl-o-phthalamide (LXVIII) (55) and various other monosubsti- 
cuted amides (4) have been unsuccessful. 


^s^-CONHCH, 

LXVII 


^S^CONHCH, 


CONHCH, 
LXVIII 



ONfCH,), 


LXIX 


Although it has been reported (56) that LAH reduction of N,N-dimethyl- 
benzamide (LXIX) at v, low temperatures" gives a "good" yield of ben- 
zaldehyde, Micovic and Mihailovic (4) have stated that LXIX does not re¬ 
act or gives only negligible quantities of aldehydes with the inverse addi¬ 
tion of 0.25 mole of LAH at —15° to -10°. 

Weygand and Tietjen (55) have pointed out chat a considerable steric 
hindrance appears necessary for the smooth course of the reduction un¬ 
less special precautions are taken. Although N v N-dimethylcarboxamides 
of aromatic systems are reduced satisfactorily to aldehydes by the in¬ 
verse addition technique, this technique applied to N ,N-di methyl eye lo- 
hexanecarboxamide (LXX) yields only 5% of the aldehyde accompanied by 
25% of dimerhylaminomechylcyclohexane and 60% of the starting amide is 
recovered (5,36). 



Weygand and Eberhardt (57) have prepared a series of aldehydes in 
50-75% yields by the reduction of the N-methylanilides of the correspond¬ 
ing acids (LXXI) with 0.25 mole of LAH in tetrahydrofuran at 0°. 


/CH, 

RCOn( RCHO (10-37) 

X C.H f 

LXXI 

As mentioned in Section lO.l.l.d.l, Nystrom and Brown (1,49) obtained 
benzyl alcohol in the attempted reduction of N,N-diethylbenzamide (LXXII) 
to benzaldehyde. Micovic and Mihailovi£ (4) have obtained 37% of ben- 
zaldehyde, 12% of benzyl alcohol and 28% of unreacted amide by carrying 
out the reduction in ether with the inverse addition of 0.25 mole of LAH 
at r 15°. 


C.H ( CON(C a H f ) a 

LXXII 


C.H.CHO + C.HgCH a OH 


(10-38) 
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By carrying out the reduction with normal addition with 0.5 mole of LAH 
at 0° the expected N,N-diethylbenzylamine is accompanied by 13% of 
benzyl alcohol. 

The inverse addition of 0.25 mole of LAH at -15° to N,N-diethylnico- 
tinamide (coramine) (LXXIII) yields 13% of nicotinaldehyde v 28% of 3- 
pyridinemethanol, 3% of 3"(diethylaminomethyl)pyridine and 25% of un¬ 
reacted amide. 


a CONfC.m, 

LXXIII 



+ 



a CHiNtCjHg), 


(10-39) 


Reduction with the normal addition of 0.5 mole of LAH at 0° yields the 
expected amine as well as 18% of 3 a pyridinemechanol (4). 

The reduction of N-benzoylpiperidine (LXXIV) with inverse addition of 
0.25 mole of LAH yields 47% of benzaldehyde, 18% of benzyl alcohol and 
20.5% of unreacted amide. 


C 6 H,CHQ + CaHgCHjOH (10-40) 


0 = CC fl H f 
LXXIV 

Benzyl alcohol is obtained in 10% yield when the reduction is carried out 
with normal addition of 0.5 mole of LAH at 0° (4). 

The reduction of N-benzoyl-l,2,3,4-terrahydroquinoline (LXXV) with in¬ 
verse addition yields 49% of benzaldehyde and 14% of benzyl alcohol. 

C.H.CHO + C 6 H b CH 1 OH (10-41) 


0=CC e H, 

LXXV 

As indicated in equation (10-34), the reduction of LXXV with the normal 
addition of LAH yields 49-53% of benzyl alcohol, 44-47% of 1,2,3,4- 
te tr ahy droqui no line and 37-39% of N-benzyl-l,2,3,4-tetrahydroquinoline 
regardless of the amount of LAH or the time of heating. However, if the 
reduction is run at 0° or 5° the yields of benzyl alcohol and tetrahydro- 
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quinoline are increased to 74% and 72%, respectively! while the yield of 
N-alkylated tetrahydroquinoline is decreased to 21% (4). 

King, Hofmann, and McMillan (58) attempted to synthesize the aldehyde 
pelletierine by the inverse addition of the calculated amount of LAH to 
N,N-dimechyl-0-(2-piperidyl)propionamide at -60°. A 20% yield of the 
tertiary amine was obtained instead of the desired aldehyde. Inverse 
addition of LAH to the lactam, 3-ketooctahydropyrrocoline, results in the 
isolation of a polymer of pelletierine as discussed in Section 10.2.l.c. 

The LAH reduction of various N,N-disubstituted amides to aldehydes 
is summarized in Table LVIIL 

In addition to the examples formulated in equations (10-38) to (10-41), 
wherein alcohols accompany the aldehydes produced in the LAH reduc¬ 
tion of N,N-disubstituted amides, alcohols have been obtained in various 
other amide reductions. 

The reduction of N-ethylbenzanilide (LXXVI) with LAH in ether is re¬ 
ported to yield N-ethylaniline and benzyl alcohol, in addition to the ex¬ 
pected tertiary amine (59). 


C.H.CONCH^CH, C.H I CH 1 NCH 1 CH S + C.H.CH.OH + 

I I 

C.H. C.H. 


NHCH.CH, 

I 

C.H. 


LXXVI 


(10-42) 


The reduction of N-(Ot-acetoxybenzyl)acetanilide (LXXVII) unexpectedly 
yields the same cleavage products. 


OCOCH s 
I LAH 

C.H.CHNCOCH, C 6 H 1 CH 1 NCHjCH, + C.H.O^OH + NHCH,CH S 

I l l 

C.H. C.H. C.H, 

LXXVII (10-43) 


The course of the reduction of LXXVII is probably influenced by the 

I I 

cleavage of the —N—C—O— grouping to yield the same intermediate 
as in the reduction of L50CVI. 

The reduction of unsubstituted amides to alcohols and aldehydes has 
been mentioned in Section 10.1. l.b, equations (10-7) and (10-8), with refer* 
ence to the LAH reduction of perfluorobutyramide and a-hydroxyvaleramide. 

Although the oxygen-containing product was not isolated, a cleavage 
reaction is apparent in the reduction of N-acetyldiphenylamine (LXXVIII) 
in an ether-benzene mixture to diphenylamine and N-ethyldiphenylamine 
(60). 


(C,H,),NCOCH, (C,H,),NH + (C,H f ) t NCH l CH l (10-44) 

LXXVIII 
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Kaye and Parris (61) have attempted to determine whether acylated 2- 
benzylaminothiazoles have the 2-benzylimino-3-acylthiazoline (LXXX) 
rather than the N-benzyl-N-(2-thiazolyl)amide (LXXXI) structure. How¬ 
ever, when the benzoyl and acetyl derivatives of 2-benzylaminothiazole 
(LXXIX) are treated with LAH to form either disubstituted 2-thiazolyl- 
amines or 2-iminothiazolines, the acyl compounds undergo acyl cleavage 
to yield only 2-benzylaminothiazole. 


rx 

^S'^NHCHjC.H, 
LXXIX 


(CH,CO),0 

or 

C«ffrCOCl 


LAH 


n— C0R 


IcAJ 


NCHjC.H* 


LXXX 


or 


or C0R 

_“S'^NCH J C.H L 

LXXXI 


(10-45) 


In addition, while 2-benzoylimino-3-benzylthiazoline (LXXXII) is reduced 
to 2-benzylimino-3~benzylthiazoline, reduction of 2-acetylimino-3-benzyl- 
thiazoline (LXXXIII) results in acyl cleavage to 2-imino-3-benzylthiazoline. 


n -NCHjCjH, lah n-NCH.C.H. 

^S'^NCOC.H, B1% ^S'^NCH J C f H, 
LXXXII 


n-NCH,C 4 H t LAH 




COCH, 
LXXXIII . 




NCHjCgH, 

NH 


(10-46) 


(10-47) 


On the other hand, LAH reduction of 2-benzamidothiazole (LXXXIV: 
R = CjH,) and 2-acetamidothiazole (LXXXIV: R ■= CH,) yields the cor¬ 
responding aminothiazole. 


a. 


“S' NHCOR 
LXXXIV 




NHCH,R 


(10-48) 


The LAH reduction of N,N-diethyl- (4) and N,N-diphenylcinnaniainide 
(6) (LXXXV) with excess hydride is reported to yield 3055 and 3755, re¬ 
spectively, of cinnamyl alcohol. 



TABLE LVIII 

LAH Reduction of N,N-Disubs timed Amides to Aldehydes 

Reaction Conditions 

—=-;--- % Yield Ref. 

Temp. Time Solvent Product' 
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C.H i CH=CHCONR a -► C.H.CH = CHCH a OH (10-49) 

LXXXV 

R » C a H| or C^Hf 

The reduction of Ot,/S-un saturated amides is considered more fully in 
Section 10.1.l.e. 

The LAH reduction of N-acylated heterocyclic compounds with aromatic 
character results in reductive decomposition even under normal condi¬ 
tions, to yield alcohols and the heterocyclic amine. Thus, reduction of 
N-acetylpyrrole (LXXXVI: R « CH S ) and N-benzoylpyrrole (LXXXVI: 
R « C fl H s ) with excess LAH in refluxing ether yields pyrrole and ethyl 
and benzyl alcohol, respectively (4). 


0 = C—R 
LXXXVI 


R % Pyrrole % Alcohol 

CH, 82.9 

C.H, 85.6 80 

Similarly, N-acylated indole derivatives (LXXXVII) undergo reductive 
cleavage in refluxing ether. 



LAH 


D 


+ RCH f OH 


(10-50) 


'N' 

H 



10.1 


AMIDES 


587 



Reductive cleavage of an acyl group is reported in the LAH reduction of 
1 ,(i>-diforrayl-7-raethyltrypcamine (LXXXVM) (20,21). 



N-Acylated carbazoles (LXXXIX) also undergo a cleavage reaction with 
LAH. 

+ RCH,OH (10-53) 

0=C—R 
LXXXIX 



CH. 

C.H. 


% Carbazple % Alcohol Ref. 

98 .... 60 

90 80.4 4 


1-Benzoylbenzotriazole (XC) is cleaved with LAH in refluxing ether to 
yield 84% of benzotriazole and 59% of benzyl alcohol (62). 



XC 
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The LAH reduction of the methyl ester of dibenzoyl-L-histidine (XCI) has 
been reported to yield monobenzoyl-L-histidinol in which cleavage has 
occurred at the heterocyclic ring (35). 


N CCHjCHCOOCH, N-CCH a CHCH a OH 

II H l LAH ll II l 

HC CH NHCOCgH, HC CH NHCOC.H, 

N/ V 

I H 

0=CC,H, 

XCI (10-55) 


Treatment of a 10-aminoacylphenothiazine (XCII) with LAH in ether at 
room temperature yields phenothiazine and an aminoalcohol (63). 



H 



( 10 - 56 ) 


Reduction of 10-carbomethoxyphenothiazine (XCIII) similarly yields 
phenothiazine (64). 

O 


COCH, 



XCIII 


(10-57) 


As with non-heterocyclic amides the inverse addition of 0.25 mole of 
LAH at low temperatures results in the directed cleavage of N-acylated 
heterocyclics to aldehydes. As indicated in equation (10-2), steric hin¬ 
drance on the nitrogen atom and stabilization of the resonance structure 
XCIV favor aldehyde formation. 



: O: 



XCIV 


(10-58) 


Although alcohol formation has been attributed to decomposition or hydrol¬ 
ysis of the amide molecule at the moment of reaction with LAH, prith 
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simultaneous reduction to the alkoxide anion (4), it has recently been 
shown that aldehyde formation precedes alcohol isolation. The infrared 
spectrum of a sample of the reaction mixture from the inverse addition of 
0.25 mole of LAH in ether to 1-benzoylbenzotriazole (XC), withdrawn be¬ 
fore hydrolysis, indicates the presence of benzaldehyde. The reduction 
products, after hydrolysis and the usual workup, are benzaldehyde and 
benzotriazole (8). 


O =CC 6 H, 



XC 


(10-59) 



As shown in equation (10-54), reduction with excess LAH yields benzo¬ 
triazole and benzyl alcohol. 

Good yields of aldehydes have been obtained by the reduction of N- 
benzoylated pyrrole, indole, and carbazole (4). 


Compound 

Temp., °C. 

% Benzaldehyde 

% Amine 

N-Benzoylpyrrole 

-15 

54.1 

82.1 


0 

51.7 

74.5 

N- Benzoyl indole 

-15 

55.5 



0 

53.5 


N-Benzoylcarbazole 

-15 

60 

83.3 


0 

55 

BO 


The LAH reduction of N-cinnamoylcarbazole (XCV) has been utilized 
in the synthesis of cinnamaldehyde. 



0=CCH=CHC,H, 

XCV 


(10-60) 

Temp. % Cinnamaldehyde 

% Carbazole 

Ref. 

-10° 45.2 

89.8 

4 

0° 45 

89.8 

4 

49 

84 

6 


Small amounts of cinnamaldehyde are even obtained in the reduction of 
XCV under normal conditions (4). In a similar manner, cinnamalacecalde- 
byde (XCVI: n ■ 2), 9-phcnylnonatetraenal (XCVI: n * 4) and 13-phenyl- 
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tridecahexaenal (XCVI; n - 6) are obtained from the corresponding carba- 
zoie derivatives at low temperatures (6). 



0 = C(CH =CH) n C a H* 


XCVI 



(10-61) 


n 

% Aldehyde 

% Carbazole 

2 

73 

.... 

4 

81 

85 

6 

60 

91 


The reduction of N-(9-phenylnonatetraenoyl)carbazole (XCVI: n = 4) has 
been utilized to compare the effectiveness of a number of complex hy¬ 
drides. The results shown below indicate the increased yields obtained 
with LAH. 


Agent 

% Aldehyde 

% Carbazole 

LAH 

81 

85 

LiBH« 

69 

74 

LilBH(OC«H.)J 

68 

75-00 

Li[ZnH(CJH|)J 

45 


Li[BeH(C«H|)J 

37 



A method of synthesizing unsaturated long chain aldehydes has been de¬ 
veloped utilizing the carbazole intermediate (6): 




R(CH=~CH) n + 1 CHO 

(10-62) 
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10.1. l.e CL,fi»Unsaturated amides . The reduction of OtpS-unsaturated 
amides presents a picture which is still somewhat uncertain. Uffer and 
Schlitcler reported that LAH reduction of Ot-ethylcrotonamide (XCVII) 
gives |8-ethylbutylamine (erroneously reported as GL-ethylbutylamine) in 
which the double bond has been reduced (2,65,66). 

i 

CH,CH,CHCH t NH 1 (10-63) 


On the other hand, Mousseron and his co-workers have reported that the 
double bond is not reduced in amides in which the 0L,/9-double bond is 
part of a cyclohexene ring. Thus, the following 1-cyclohexenecarbox- 
amides have been reduced to the corresponding 1-aminomethylcyclohexenes: 
1-cyclohexenecarboxamide (3,67), N,N-dimethyl-1-cyclohexenecarboxamide 
(5,68), N,N-pentamethylene- 1-cyclohexenecarboxamide (5,36,68). 

The attempted LAH reductions of the dimethylamide (XCVIII: R t * 
R a - CH,) and the N-methylanilide (XCVIII: R a - CH s ,R a = C e H g ) of cin¬ 
namic acid to cinnamaldehyde have been reported to yield an oil and a 
resin which were not further investigated (6). 

*. 

C fl H.CH = CHCH = CHCON 

i 

R. 

XCVIII XCIX 

The reaction of the diphenyl amide of cinnamic acid (XCVIII: R t * R a ■ 
C 6 H,) m.p. 152-153°, with 0.25 mole of LAH in refluxing ether or tetra- 
hydrofuran yields a compound,'m.p. 191-192°, which is considered to be 
a stereoisomeric or polymorphic modification of the starting amide. Treat¬ 
ment of the diphenylamide with 0.5 mole of LAH in refluxing ether yields 
37% of cinnamyl alcohol (6). The reaction of the diethylamide of cin¬ 
namic acid (XCVIII: R A ■ R a ■ CjH,) with an almost equimolar quantity 
of LAH in refluxing ether yields 30% of cinnamyl alcohol (4). 

Treatment of the dimethylamide of cinnamalacetic acid (XCIX: R 4 = 
Ri = CH a ), m.p. 109-110°, with 0.25 mole of LAH gives a cis-trans iso¬ 
mer of the starting amide, m.p. 70-72°, which after some time reverts to 
the higher melting form (6). The diphenylamide of cinnamalacetic acid 
(XCIX: Rj ■ Rj ■ C 4 H g ) is ’"resistant to reduction 11 with LAH (6). 

As discussed in the preceding section and indicated in equations 
(10-60) and (10-61), aldehydes are obtained in the LAH reduction of N- 


Ri 

I 

C a H.CH= CHCON 

I 

R a 
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cinnamoylcarbazole, N-cinnamalacetylcarbazole, N-(9-phenylnonatetra- 
enoyl)carbazole and N-(13-phenyltridecahexaenoyl)carbazole. 

10.1.2 Redactions with Aluminum Hydride 

An ethereal solution of aluminum hydride in the presence of aluminum 
chloride is reported to reduce acetamide to ethylamine (69). 

Aluminum hydride has been proposed as a selective reducing agent for 
peptide esters. Reductions are carried out at -40° in an aluminum 
chloride-tetrahydrofuran medium to yield an 85% conversion of peptide 
ester to a /3-hydroxy alkyl amide. Using the N-p-tosyl derivative of the 
peptide, the j3-hydroxyalkylamide is rearranged with phosphorous oxy¬ 
chloride to a jS-amino ester which liberates an aminoalcohol and a 18- 
hydroxy alkyl amide by reductive cleavage with aluminum hydride. The 
procedure can then be repeated with the residual peptide (44). 

RCONHCHCONHCHCOOCjH, RCONHCHCONHCHCH,OH 

II I i 

R' R" R' R" (10-64) 

Jpoci, 

RCONHCHCH,OH + HOCH,CHNH, RCONHCHCOOCH.CHNH, ■ HC1 

I I II 

R' R" R' R" (10-65) 

10.1.3 Redactions with Magnesium Aluminum Hydride 

An ethereal solution of magnesium aluminum hydride reduces acetamide 
to ethylamine (70). 

10.1.4 Reactions with Sodinm Borohydride 

Sodium borohydride has been utilized in the reduction of other func¬ 
tional groups in compounds containing amide groups. Thus, the ketone 
group in DL-N-[2-hydroxy-l-(2-thenoyl)ethylJacetamide (C) and dichloro- 
acetamide is reduced with sodium borohydride in methanol while the 


amide group is retained (71). 


H—n < r H - 0H r 

—n OH CH,OH 

^S'^COCHNHCOR % 

C 

IL 1 I 

S' CH—CHNHCOR (10-66) 


In a similar manner, OC-acylamido-jS-hydroxy-p-nitropropiophenones (Cl) 
have been reduced with sodium borohydride in ethanol to 1-p-nitrophenyl* 
2-acylamido-l,3-propanediols (72). 
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CH,OR' 

I 

COCHNHCOR 

Cl (10-67) 

R - CH„ CljCH, C,H,, CH,C i H 4 (p), CH s 0C.H 4 (m), BrC 4 H 4 (p), 
CH,OCH,, C.H.CH, 

R' - H, CH.CO, CljCHCO 

The amide group in peptide derivatives (CII) is unattacked while an 
acid chloride group is reduced to an alcohol with sodium borohydride 
(73,74). 


(CH,),CHCH 1 CHCOOH 

I 

NH a 

CII + 

H a NCH a COOH + CeH.CHjCHC^OH 

I 

NH a 

( 10 - 60 ) 

Treatment of 10-formylpteroylglutamic acid, which contains an N-formyl 
as well as a monosubstituted amide grouping, with sodium borohydride is 
reported to yield a "product with increased biological activity” although 
the nature of the product has not been determined (75). 

10.1.5 Reactions with Potassium Borohydride 

The amide group is resistant to attack by potassium borohydride. Re¬ 
duction of the acylamido compound Cl, where R = C1 S CH and R' = H, 
with potassium borohydride in aqueous methanol proceeds as indicated in 
equation (10-67) (72). The reduction of several quaternary pyridinium 
salts based on nicotinamide with potassium borohydride results in the re¬ 
tention of the amide grouping (76). 

10>1.6 Redactions frith Lithium Borohydride 

The non-reduction of amides with lithium borohydride has been utilized 
in the reduction of peptide esters. As discussed in Section 10.1.1.c.3i 
LAH has served in the characterization of various proteins, including 
tnsulin. Chibnall and Rees have applied an analogous technique involving 


/ O 

(CHj) a CHCH a CH — Cv || i. N.BH4 

| >NCH a CNHCHCOCl 

NH —C | 

CHjCjF^ 



NaBHi 


„xr 


OH CH,OH 

I 

CH—CHNHCOR 
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reduction with excess lithium borohydride in tetrahydrofursn to the study 
of the structure of insulin. Esterified insulin is reduced to the amide al¬ 
cohol which is cleaved by hydrolysis (77,78). Bailey (44) has stated that 
the borohydride is unsatisfactory for the determination of the amino acid 
sequence in peptides due to the production of intermediate boron com¬ 
pounds which are not easily cleaved under mild conditions. 

Although lithium hydride used in conjunction with a little lithium boro¬ 
hydride as a carrier is an effective hydrogenolysis agent for tosylates and 
halides, N f N-di alkyl am ides are unaffected by the reagent in refluxing 
tetrahydrofuran (79). 

Lithium borohydride has been examined as a potential reagent for the 
reduction of conjugated unsaturaced amides to aldehydes (6). Analogous 
to the behavior of LAH, the attempted reduction of the dimethyl amide and 
the N-methylanilide of cinnamic acid to cinnamaldehyde with lithium 
borohydride yields resinous products. Treatment of the diphenylamide of 
cinnamic acid with 0.25 mole of the borohydride in ether yields the high 
melting modification of the starting amide, as is the case with LAH. In 
contrast to the behavior of LAH, excess borohydride does not reduce the 
diphenylamide. The dimethylamide and diphenylamide of cinnamalacetic 
acid are also resistant to reduction with lithium borohydride. 

Aldehydes are obtained in the lithium borohydride reduction of N- 
cinnamoylcarb azole, N-cinnamalacetylcarbazole and N-(9-phenylnona- 
tetraenoyl)carbazole although the yields obtained with LAH are superior. 


Cirbazuie derivative 

7e Aldehyde 

With LiBH, 

Vith LiAlH« 

N-cinnamoyl- 

13 

49 

N-ci on amalacetyl- 

62 

73 

N-(S^phenylnonacetraenoyl)- 

69 

81 


10.1.7 Redactions with Lithium Gallium Hydride 

Reduction of acetamide with the complex gallium hydride in ether solu¬ 
tion yields ethylamine (80). 


10.2 LACTAMS 

10.2.1 Reductions with Lithium Aluminum Hydride 

The reduction of lactams with LAH is analogous to that of the open- 
chain amides, consuming one-half mole of hydride in the reduction of the 
cnrbonyl group to a methylene group. 

10.2.1.a Monocyclic lactams . By the usual procedure pyrrolidones 
(CIII) and piperidones (CIV) have been converted to the corresponding 
pyrrolidines and piperidines, respectively. 
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R' R' 

CIII 



R / R' 

CIV 


(10-69) 


(10-70) 


Karrer has reported the reduction of 5-car be thoxy- (81) and 5-methyl- 
pyrrolidone-2 (82) with LAH in ether. Moffett has shown that while N-jB- 
hydroxyethylpyrrolidones are readily reduced with LAH in ether (83) v in 
the case of 5-ethyl-, 5,5-dimethyl-, 3,5,5-crime thy 1-, and 4,5,5-crime thyl- 
pyrrolidone-2 reduction fails under these conditions but proceeds smoothly 
when boiling tecrahydrofuran is used in place of ether (84). 

Reduction of various pyrrolinones (CV) with LAH in ether results in at¬ 
tack at the pseudo imine double bond as well as the lactam and ester 
groups (85). 




-OH 


(10-71) 


CV 


The reduction of piperidone as well as various 3,3" and 5,5-disubsti- 
tuted piperidones has been successfully carried out with LAH (86*88). 
The attempted selective reduction with LAH of the lactam group in 3- 
cyano-3-phenyl-l-methylpiperidone-2 (CVI) has given only mixtures of 
basic products (45). 



CH, 

CVI 

Galinovsky and Stern have shown that catalytic reduction of simple 
lactams such as 2-pyrrolidone and 2-piperidone is not feasible because 
of the slow rate of reaction even in the presence of a large quantity of 

catalyst ( 89 ). 



TABLE LIX 

LAH Reduction of Pyrrolidones and Pipetidone 
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pyrroline-2-acetBCe pyrrolidioe 
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The reaction of l-methylpiperidone-2 (CVII) with methyl magnesium 
bromide yields 1,2,2-trimethylpiperidine, analogous to the LAH reduction 
product p and 1,2-dimethyl-A a -piperidine (90). 



(10-72) 


CH, CH, CH, 

CVII 


The LAH reduction of pyrrolidones, pyrrolines, and piperidones is 
summarized in Table LIX. 

Lukes, Malek, and Dobis have compared the action of the Grignard 
reagent and that of LAH on various monocyclic lactams. 1-Methyl-l- 
azacycloheptan-2-one (CVIII) is reduced by LAH to 1-methylhexaraethyl- 
enimine (90,91). 


-C = 0 


(CH a ), | 

1 -NCH, 

CVIII 


(W, 


(10-73) 


The action of methylmagnesium bromide on CVIII yields the analogous 
1,2,2-trimethylhexamethylenimine (CIX) and l-methylaraino-6-heptanone 

(92). 


I-C=0 |- 

(CH,), | (CH,), | CH, + CH 1 C(CH,),NHCH 1 

1 -NCH, I-NCH, || 

O 


CVIII 


(10-74) 


Similarly the action of LAH on l-methyl-l-azacyclooctan-2-one and 1- 
methyl-l-azacyclononan-2-one yields the corresponding polymethylenimine. 
Reaction with the methyl, ethyl 9 propyl and butyl Grignard reagents yields 
the tertiary amine and the open-chain ketone. Reaction with phenyl- 
magnesium bromide yields only the open-chain ketone (90 p 91). The 
products from the Grignard reactions are accompanied by a long chain 
non-distillable material postulated as CX. 
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The LAH reduction of various monocyclic lactams to polymethylen- 
imines is summarized in Table LX. 

Various monocyclic lactams containing more than one hetero atom have 
been subjected to treatment with LAH. Thus, the LAH reduction of 1,2- 
dime thyl-3-ketopiperazine(CXI) yields the expected 1,2-dimethylpiperazine 

(93). 



(10-75) 


CXI 

Karrer and Krishna (94) have reported that the LAH reduction of aneurin- 
thiazolone (CXII) in a mixture of N-echylmorpholine and tetrahydrofuran 
gives dihydroaneurin (CXIII). 

CH S 

N=CNH, | 

| | ,C=CCH,OH 

CH,C C—CH,—Nv 


V 


LAH 


N—CH 


CXII 


N =CNH, 


11 / I 

CH,C C—CH,—N( 

II II V- 


CH, 


C=CCH,OH 


(10-76) 


N—CH 


H, 


CXIII 


The reduction of 3*keto-4*methyl-2,2-diphenylmorpholine (CXIV) with 
excess LAH in ether gives a mixture containing a 32% yield of the 
carbinol-amine (CXV) and 39% of 4-methyl-2,2-diphenylmorpholine (CXVI). 


OX.H. O C.H, 

[ Jpc^l. + [ pC.H, (10-77) 

^N-^OH 

I 

CH, CH, CH, 

CXIV CXV CXVI 

The further action of LAH on the carbinol-amine (CXV) yields 88% °f 
CXVI (52). The carbinol-amine appears to be an intermediate in the re¬ 
duction of an amide group to the oxygen-free compound. 
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Reduction of 1,3-diphenylazetidinone (CXVI1) with LAH in tetrahydro- 
furan results in cleavage to yield 3~anilino-3*phenyl-l-propanol. The 
same amino alcohol is formed in ether solution (95). 


C # H,CH N C.H, 

CH a —C = 0 
CXVII 


c 6 h,ch—nhc b h, 
ch 1 ch 2 oh 


(10-78) 


This cleavage is analogous to the reductive decomposition discussed in 
Section 10.1.1.d.2. 

10.2.l.b Polycyclic lactams . The LAH reduction of polycyclic lac¬ 
tams in which the lactamic nitrogen is not located at a bridgehead yields 
the corresponding cyclic amine without undue difficulty. Thus, deriva¬ 
tives of dihydrocarbostyril (CXVIII) yield the corresponding derivatives 
of tetrahydroquinoline while isodihydrocarbostyril (CX1X) is reduced to 
tetrahydroisoquinoline. 


(10-79) 


(10-80) 


O 



LAH 



R 



LAH . 


oo 


CXIX 

The reduction of compounds in this category including diketopiperazines 
and those which lead to prodpcts related to yohimbine and morphine is 
summarized in Table LXI. 

The product of the LAH reduction of ozindoles is dependent upon the 
substituents in the 1- and 3*positions. Julian and Printy reported that 
practically no reduction occurs with oxindole (CXX) even when the reac¬ 
tion is carried out at elevated temperatures in dibutyl ether, dioxane or 
tetrahydrofuran (96). However, Smith and Yu have successfully reduced 
oxindole to indoline (97). 



(10-81) 


CXX 



TABLE LXI 


602 


REDUCTION OF CARBOXYLIC ACID DERIVATIVES 


10.2 



m h a 

PSOMH 

ON ** 

N ^ VNNO OD 

H H H «H H 

m 


S 

3 3 


: 1 £ 

IS 

: in : O 
: NO : «n 


sa a 

s s | 

fil a g 

O.S. 1 

-8-8 £ 

.a .a & 

^ »A -3 
« v 5 

JB JES Q 

Si*- 

0 0 r- 
«■* ■ 
it M yrt 

H H * 

j j in 


i j »o 

J q rsT 

J J -h" 


.3* 

II 

I- S' 

Jb a® 


2 ris A 

.3 ■ P. N 


■ a 

* g 

a S 

. a 
** ’3 
,3 g. 

■8 ° 
~ 3 S 

u u 5 
a *.2 
■j: -a — 

* a n ►* 

a a -a 

f.Z a u 

- 8.2 


™ N 
m O ^ 
• ■ ° 

i“8 8 

fl-a 

x j i 

3*? 8 

“=3 8 



:hyl]ozindolc (VH) 








604 


REDUCTION OF CARBOXYLIC ACID DERIVATIVES 


10.2 


References—Table LX1 

X D. Gins burg, J. Org. Chem15, 1003 (1930). 
a Ciba S. A., Fr. Pat. 907,13B (August 9, 1931). 
a Ciba Aku, Swiss Pat. 273,933 (June 1, 1931). 

4 E. Schlictler and A. Uffer, Ger. Pat. B24 v 491 (December 13, 1931). 

*P, A. S. Smith and Tung-yin Yu, J . Am. Chem. Soc., 74, 1096 (1932). 

•Re due don carried out in dioxane. 

7 J. O. Halford and B. Weissmann, J . Org . Chem., 17, 1646 (1932). 

- M. W, Cronyn and G. H. Riesser, Abstracts of Papers, 121st Meeting American 
Chemical Society, Milwaukee, Wis., April 1932, p. 87K. 

9 A. Stoll, A. Hofmann and T. Petrzilka, Helv . Chim. Acta, 34, 1344 (1931). 
^Reduction carried out in benzene-ether mixture. 
ll L. H. Schwarczman, /. Org. Chem., 15, 317 (1930). 

ia A. J. Man son, Z. Valenta, and K. Wiesner, Chemistry and Industry, 1952, 003. 
“Isolated after methylation of the oxygen-free base with formaldehyde and formic 
acid. 

&4 M. Gates, R. B. Woodward, W. F. Newhall, and R. Kunzli, ]. Am. Chem. Soc., 
72, 1141 (1950). 

if R« C. Fuson, H, L. Jackson, and E. W. Grieshaber, J. Org. Chem., 16, 1529 
(1951). 

U M. Gates and G. Tschudi, J. Am. Chem. Soc., 72, 4839 (1950). 

17 Reducdon carried out in dioxane^ther mixture. 

M P. L. Julian and A. Magnani, J. Am. Chem. Soc.. 71, 3207 (1949). 


The LAH reduction of 1-methyloxindoles containing a hydrogen atom in 
the 3“position yields a mixture of the corresponding indole and indoline, 
even with reverse addition of LAH to excess oxindole. Thus, 1-methyl- 
oxindole (CXXI) is reduced to 1-methylindole (CXXII) and 1-methyl- 
indoline (96)* 




(10-82) 


The formation of the indoline may proceed through the intermediate forma¬ 
tion of the indole since 1-methylindole (CXXII) is reduced in 25*30% yield 
to 1-methylindoline. 



LAH 


N' 


CH, 


CXXII 



(10-83) 


In contrast, indole itself is not reduced with LAH (96), 
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The reduction of 1,3-dimethyloxindole (CXXIII) yields 1,3-dimethyl- 
indole (CXXIV) and 1,3-dimethylindoline. 



CH, CH, CH, 


CXXin CXXIV ( 10 - 04 ) 

Analogous to the reduction of CXXII, CXXIV is reduced by LAH to the 
indoline (96). The intermediate formation of the indole is postulated in 
the LAH reduction of l-merhyl-3-[2-N-(l f 2-dihydroisoquinolyl)ethyl]oxin- 
dole (CXXV) (98). 



CXXV 


LAH 




CXXVI 


(10-85) 


The same product is formed in the LAH reduction of CXXVI. 

The reduction of dioxindole (CXXVII, R « H) and 1-methyldioxindole 
(CXXVII, R ■ CH,) yields a mixture of indole and oxindole. Indolines 
have not been isolated (96). 




+ 



( 10 - 86 ) 


CXXVII 
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The LAH reduction of 3,3-disubstituted oxindoles yields indolines. 
Thus, 3,3-diraethyloxindole (CXXVIII) is reduced to 3,3-dimethylindoline 
with LAH in dioxane (99,100). 



H 

CXXVIII 



The LAH reduction of oxindoles has played a major part in the elucida¬ 
tion of the structure of the indole alkaloid gelsemine. LAH reduction of 
gelsemine in an ether*dioxane mixture results in the reduction of a carbonyl 
group to a methylene to yield dihydrodesoxogelsemine (99-102). Cata¬ 
lytic hydrogenation of gelsemine over palladium black or* platinum yields 
dihydrogelsemine which is in turn reduced with LAH in dioxane to tetra- 
hydrodesoxogelsemine (99-101). 


gelsemine 

LAH dihydrodesoxogelsemine 

(10-88) 

CjdHjjNjO, 

—* c, 0 h 14 n,o 

| HjiPd v Pt 

jfVPd 


dihydrogelsemine 

LAH tetrahydrodesoxogelsemine 

(10-89) 

CioH^NjO, 

-* Cj # H j4 N 2 0 


Since oxindoles containing a hydrogen atom in the 3-position are con¬ 
verted to indoles by the action of LAH, the reduction of the carbonyl 
group in gelsemine and dihydrogelsemine to a methylene group was con¬ 
sidered by Kates and Marion as indicative of a 3,3-disubstituted oxindole 
structure f as in equation (10-87). Gibson and Robinson have proposed 
structure CXXIX for gelsemine (103)- Based on further work Goutarel 
et al . have proposed structure CXXX (104). 




cxxx 


Goutarel, Janot, Prelog, and Sneeden (104) have carried out the Hof¬ 
mann degradation of gelsemine methiodide with sodium hydroxide in a 
high vacuum to yield "des-N-methylgelsemine” formulated as CXXXI. 
Dihydrogelsemine methiodide similarly yields ,, des-N-methyldihydro- 
gelsemine 11 (CXXXII). Reduction of CXXXI and CXXXII with LAH re¬ 
duces the lactam oxygen to hydrogen to yield the corresponding desoxo- 
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dihydro derivatives. LAH reduction of the methiodides of the des-bases 
CXXXI and CXXXII gives the same products as obtained from the des-bases. 



CXXXII (10-91) 


Habgood, Marion, and Schwarz (102) and Prelog, Patrick, and Witkop 
(105) have found that the products of the Hofmann degradation of gelse- 
mine methiodide and dihydrogelsemine raethiodide are N(a)-roethylgelse- 
mine derivatives and not des-N-methyl bases. Thus, the "des-N-methyl- 
gelsemine” (CXXXI) obtained by the degradation, on LAH reduction gives 
a product identical with the N(a)-mechyl-desoxodihydrogelsemine (CXXXIV) 
obtained on LAH reduction of N(a)-formyldesoxodihydrogelsemine (CXXXIII) 
( 102 ). 



CHO 

CH, 

CH, 


CXXXIII 

CXXXIV 


(10-92) 


Prelog, Patrick, and Witkop (105) have postulated the following trans¬ 
formation in the course of the pyrolysis; 
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Therefore! Goutarel et al. (104) actually carried out the reduction of 
N(a)-methylgelsemine (CXXXV) and N(a)-methyldihydrogelsemine instead 
of the reported des-bases CXXXI and CXXXII. Similarly, the methiodides 
reduced are derived from CXXXV and the analogous dihydro compound 
instead of the reported des-bases. 



CXXXV 


Reaction of gelsemine (CXXX) with bromine in a chloroform solution 
yields bromoallogelsemine hydrobromide (CXXXVI) (101). 

/ 

^CH, 




Treatment of CXXXVI with LAH in dioxane gives a compound, C,„H la Oj N*i 
for which the constitution of desozohydroxytetrahydrogelsemine (CXXXVII) 
has been advanced. On warming CXXXVI with acid one mole of water is 
taken up and a compound is formed which is formulated as bromohydroxy- 
dihydrogelsemine hydrobromide (CXXXVIII). The reduction of CXXXVI to 
CXXXVII with LAH is postulated as proceeding through CXXXVIII. 



CXXXVIII (10-97) 



LAH Reduction of Orindoles 
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methylozindoie methylindoline 

CjoHuN a Oj l-Methyl-3-[2-(l-oxt>-l,2-dihydroisoquinolyl)- Oxygen-free base, m.p. 132-135 

echylloxindole 4 

CjoHaoNjO 1-Methyl-3-[2-( 1,2-dihydroisoquinolyl)ethyl]- Oxygen-free base, m.p. 132-135 

oxindole 4 

Gelsemine and ica degradation products See text 
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The anhydrous medium utilized in LAH reductions should preclude CXXXVIII 
as an intermediate in the reduction. A more likely explanation involves 

I . I 

the reduction of the —N = C—O— grouping to —NH—CH—O —, 
followed by cleavage of the latter under the influence of LAH, as dis¬ 
cussed in Sections 12.16.1.e and 12.17. 

The attempted reduction of 7-methoxy-l-methylisatin (CXXXIX) with 
LAH in ether gives only a small quantity of a steam-volatile indole and 
an unidentified, non-volatile material (106). 



The LAH reduction of various oxindoles is summarized in Table LXII. 
The reduction of naphthostyrils (CXL), containing the oxindole struc¬ 
ture, with LAH yields the corresponding benz[cd]indoline (CXLI) (107,108). 




LAH 


H 

CXL 



(10-98) 


Grob and Schmid (107) have reported that LAH reduction of 5-hydroxy- 
naphthostyril (CXLII) gives 5-hydroxybenz[cd]indoline (CXLIII) while re¬ 
duction with sodium in liquid ammonia results in hydrogenolysis of the 
hydroxyl group to yield naphthostyril (CXLIV). 
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Reduction of 5-methoxynaphchostyril (CXLV) follows a similar pattern 
and in addition reduction with sodium in butanol gives a mixture of l v 3»4,5" 
tetrahydrobenz[cd]indole and l-hydroxymethyl-B-amino-l^^^-tetrahydro- 
naphthalene. 



( 10 - 101 ) 



(10-103) 


Stoll! Petrzilka, and Rutschmann (108) have carried out the LAH re¬ 
duction! in N-ethylmorpholine 9 of the naphthostyrils CXLVI and CXLVII 
in addition to naphthostyril and 4-(l a piperidyl)naphthostyriL 
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OH 



CXLVI 



The product in all cases is the corresponding benz[cd]indoline. 

de Mayo and Rigby (109) have reported that LAH reduction of phenan- 
thfidone (CXLVIII) and 4-methylphenanthridone gives the corresponding 
phenanthridine (CXLIX) instead of the expected amine. 



Badger v Seidler, and Thomson (110) obtained 5,6-dihydrophenanthridine 
(CL) on reducing CXLVIII with excess LAH in dioxane. 



The isolation of CXLIX by de Mayo and Rigby is evidently due to the use 
of the theoretical quantity of LAH since Wooten and McKee (111) have 
found that CXLIX is reduced to CL with LAH in ether. 

de Mayo and Rigby (109) reported that LAH reduction of N-methylphe- 
nanthridone (CLI) gives a 60% yield of phenanthridine methiodide (CLII). 




(10-106) 


Cl I 


CUI 
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Similarly p N,2-dimethylphenanthridone, N-methylquinoline, and N-methyl- 
pyridone give the corresponding quaternary ammonium salt, Karrer et al m 
(112) reported that the LAH reduction of N-methylphenanthridone (CLI) or 
the methiodide (CLII) gives 5-methyl-5,(>dihydfophenanthridine. 

Garryine, an alkaloid isolated from the bark of Garrya veatchii Kellogg, 
on oxidation with potassium permanganate gives oxygarryine, C aa H ss N0 1P 
for which the partial structure CLIII has been advanced (51). LAH reduce 
tion of CLIII yields dihydrove at chine, C aa H IB NO ai associated with reduce 
tion of a lactam to a cyclic amine (113). 



CH a CH a OH 

CLIII 


Pithecolobine, C aa H 4f N 4 O xl an alkaloid from the bark of Pithecolobium 
saman Benth, contains a lactam group which is reduced to methylene to 
yield desoxypithecolobine, C ja H 4i N 4 . In the course of the LAH reduction 
a hydroxyl group which is present in pithecolobine is eliminated (114). 
In the absence of information relative to the structure of the alkaloid it 
is not possible to account for the latter reaction. 

Lycoctonine, C aB H 9V _ 4t N0 7l an alkaloid of unknown structure, on oxida¬ 
tion with neutral potassium permanganate in acetone containing acetic acid 
yields two neutral products, lycoctonam, isolated as the mono acetate, 
C aT H vv _ 4l NO„ m.p. 189°, and des(oxymethylene)lycoctonam, C a4 H 1B _„NO TI 
m.p. 188°, and an acid fraction lycoctonamic acid, C al H IB _ s7 N0 9 , m.p. 
204°. Although lycoctonine contains an amino group, all three oxidation 
products contain a lactam grouping. Oxidation of lycoctonam with per¬ 
manganate yields lycoctonamic acid while the latter is decarboxylated on 
heating to 205° to yield des(oxymethylene)lycoctonam. Reduction of 
lycoctonam monoacecate with LAH in an ether-dioxane mixture yields 83 % 
of lycoctonine while reduction of the methyl ester of lycoctonamic acid, 
C a6 H I7 _„N0 9 , m.p. 167°, under the same conditions yields 55% of lycoe- 
tonine. Reduction of des(oxymethylene)lycoctonam with LAH in the 
etheitdioxane mixture gives 9 6% of des(oxymethylene)lycoctonine (115). 

The LAH reduction of lactams with bridgehead 1 act ami c nitrogen 
yields the expected cyclic amine. However, in most cases, the reaction 
proceeds with somewhat more difficulty than with compounds without 
bridgehead nitrogen. This type of reduction has been applied with con¬ 
siderable success in the synthesis and elucidation of alkaloid structures 
as summarized in Table LXIII. 

Edwards and Marion (116) and Swan (117) have carried out the LAH re- 
Auction of 3>dihydro-6-keto-7,8-benzindolo(2',3',l,2)pyndocoline (CLIV) 
yield t^e expected cyclic amine (CLV). 



LAH Red ik tion of LaetUM with Bridgehead Lactamic Nitrogen 

Lactam No. Product % Yield Ref. 
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CLIV CLV 


Jost (118) carried out the catalytic hydrogenation and the LAH reduction 
of CLIV in an effort to simultaneously reduce the 9,10-carbon-carbon 
double bond as well as the amide grouping. The desired product could 
not be obtained by these methods but was obtained by an electrolytic 
reduction. 

The attempted LAH reduction of l,2-benzo-7,8-(2^,3'-indolo)-3 l 4- 
dihydio-6-quinolizone (CLVI) has been reported to give back starting 
material (119). 



0 

CL VI 


O 

CL VII 
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Attempts to bring about the reaction between 4-quinolizone (CLVII) 
and LAH or i^butylmagnesium bromide have given orange colored com¬ 
plexes which on hydrolysis yield unchanged CLVII (120). 

Rhombifoline, C lB N aD N a O, an alkaloid isolated from Thermopsis rbom* 
bifolia (Nutt.) Richards, has been postulated as havipg structure CLVIII 
(121). Reduction of CLVIII to dihydrodesoxyrhombifoline with LAH in 
ether gives an oil which darkens in air and whose analysis for Ci|H aa N a 
is unsatisfactory. 



CLVIII 


Boekelheide and Rothchild (122) have reporred that LAH reduction of 
3-carbethoxy*4-quinolizidone (CLIX) results in cleavage of the carbethoxy 
group while the amide grouping remains intact. Catalytic hydrogenation 
over copper chromite at 260°C. under 250 atmospheres pressure gives a 
76% yield of quinolizidine (CLX). 



CLX 


(10-108) 


(10-109) 


Galinovsky, Vogl and Moroz (123) reported chat the reduction of l p 3- 
dicarbethoxy-4»quinolizidone (CLXI) with LAH in ether gives a 92% crude 
yield of the expected l,3-di-(hydroxymechyl)quinolizidine (CLXII). 


COOCjH. 


CHjOH 



CLXI 


CLXII 


( 10 - 110 ) 


LAH reduction of various alkaloids (CLXIII) containing the lactam 
grouping yields the expected amine. 
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CL XIII 


Thus v reduction of a-colubrine (R ■ H, ■ OCH,) (124), 0-colubrine 
(R - OCH bi R' ■ H) (124), strychnine (R « R' « H) (125) and strychnine 
methosulfate (126) proceeds as expected although a considerable reac* 
tion time is necessary. On the other hand reduction of brucine (R - 
R' ■ OCH,) proceeds only partially to yield dehydrobrucidine (CLXIV) 
which can be converted to dihydrobrucidine (CLXV) by catalytic hydro¬ 
genation (124). 





( 10 - 111 ) 


CLXIV CLXV 


Dihydrobrucine yields the expected dihydrobrucidine on LAH reduction. 
The formation of CLXIV in the reduction of brucine is attributed to the 
fact that the intermediate complex undergoes an elimination reaction in 
preference to further reduction. 

O 

/N-C—CH,-yN—C—CH,- " L . IAU ^ L» 

OLiAlH, 

/N—C=CH— (10-112) 

This is analogous to the formation of indoles in the LAH reduction of 
oxindoles. 

10.2.l.c Reductive cleavage . Stoll, Hofmann, and Petrzilka (127) 
have carried out an extensive investigation of the structure of the ergot 
alkaloids of the ergotamine and ergotoxin types. Reduction with LAH 
gives three types of well-defined reduction products whose constitution 
and configuration have been determined by synthesis. The reduction 
products, as shown in equation (10-113), consist of a polyamine (CLXVII), 
an amino alcohol (CLXVI1I) and a piperazine derivative (CLX1X). Based 
upon the structures of these products and the products formed by thermal 
cleavage at 200*220° in high vacuo, structure CLXVI has been advanced 
for dihydroergoaine (R, - H, R, ■ CH.CHCCH,),), dihydroergocryptine 
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(R, - CH|, R, ■ CHjCgH,) and dihydroergocomine (R, - CH„ R, 
CH(CH,),). 


C-NH- 




CH—CH, 0 = C N C=0 

ch 


H a C^ .NCH, 

HC-CH 

VW* 

I » II 

HC C CH 

Y V 

H H 


R, 


LAH 


CL XVI 


RCH 


R, R, H,C-CH, 

Y i i 

y H HC CH, 

.NH—CH H.C N 

I I I 

CH.—N CH. 


(10-113) 


CLXVII 


R, R, H,C CH, 

Vh ' I 

1 J \/ CH1 

—CH + HjC N 


RCH,NH 


CHjOH HN CH, 

Y 

i 

R, 

CLXVIII CL XIX 

The cleavage of the ether bridge in CLXVI is due to the presence of 


the —N—C—O—linkage as discussed in Section 12.17. While the 
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formation of CLXVII involves the normal reduction of the lactam to a 
mechyleneamine, the formation of CLXVIII and CLXIX is due to a cleavage 
of the lactam under the influence of LAH to form an aldehyde which is 
reduced to the alcohol by the excess reagent. This is analogous to the 
cleavage of the disubstituted amides discussed in Section 10.1. l.d.2 v as 
well as the cleavage of 1,3-diphenylazeeidinone formulated in equation 
(10-78). 

Mustafa has reported that the LAH reduction of N v N'-diaryl-a-sulfonyl- 
di ant hr anilide (CLXX) yields o-arylsulfonamidobenzyl alcohol (CLXXI) 
(128). 

RSO. O 

' II 

O SO,R 

CLXX CLXXI 


a NHSO,R 

(10-114) 

CH a OH 



R 

% Yield 

Phenyl 

87 

p-Tolyl 

93 

a-Naphthyl 

91 


The product arises by the cleavage of the lactam group in the tertiary 
amide. The reaction of CLXX with the Grignard reagent yields the anal¬ 
ogous sulfonamidocarbinol (CLXXII) (129). 


RSO, O 


RSO, 



O SO,R 
CLXX 



(10-115) 


Galioovsky and Wieser (130) have reported that the reaction between a 
lactam and the calculated amount of LAH is stopped at an intermediate 
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stage to conform to the following mechanism for the conversion of N- 
methyl-a-pyrrolidone (CLXXIII) to an &>- aminoaldehyde: 


H,C-CH, 

I I 

H ’\ / c " 
N 

I 

CH, 

CLxxni 


H,C- CH, 

LAH/4 v | M H,O k 

I 

CH, 



H,C- -CH, 

I 

H,C CHO (10-116) 


NH 

\ 


CH, 


The calculated amount of LAH is added to a solution of the lactam 
followed by a short reflux period and hydrolysis. Attempts to isolate the 
free aldehyde in the reduction of N-methyl-OL-piperidone (CLXXVI) and 
3-ketooctahydropyrrocoline (CLXXV1II) have not been successful, the 
product usually being isolated as a dimeric condensation product con¬ 
taining a double bond resulting from the splitting out of water. Similarly, 
unsuccessful attempts to prepare the acetal by the cautious reaction of 
alcoholic hydrogen chloride and the LAH reduction product have given 
the dimer or a higher condensation product (131,132). The identification 
of the reduction product as the gj- amino aldehyde has been made on the 
basis of its strong reducing power, the tendency to form dimeric con¬ 
densation products and unstable salts and its reaction with acetonedi- 
carboxylic acid. Thus, treatment of the reduction product from CLXXIII 
with one mole of ace tone die arboxylic acid gives 47% of hygrin (CL XXIV) 
and 14% of cuskhygrin (CLXXV) while one*half mole of the acid gives 
18% of CLXXIV and 39% of CLXXV (131). 


LAH/4 

'N'^ S 0 

.1 

CH, 

CLXXIII 



COOH COOH 


CHjCOCHg 


^N^CH.COCH, 

CH, 

clxxiv 

+ (10-117) 

m jo 

N /X CH 1 COCH 1 X ^N 

CH, CH t 

CLXXV 
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Analogous products are obtained from N-methyl-CX-piperidone (CLXXVI) 
(131)i N-ethyl-CX-piperidone (CLXXVII) (133) and 3-ketooctahydropyrro- 
coline (CLXXVIII) (132). 



The reduction product from CLXXVIII has also been found to react with 
benzoylacetic acid to yield 64% a>-(3-octahydropyrrocolyl)acetophe- 
none (132). 



.N 


O 

CLXXVIII 



(10-118) 


In addition to Galinovsky and Wieser (130,132), King, Hofmann, and 
McMillan (58) have carried out the controlled* LAH reduction of CLXXVIII 
in ether solution under various conditions in an attempt to synthesize 
the *>• amino aldehyde, pelletierine. The products in all cases consist of 
a mixture of unchanged lactam and octahydropyrrocoline or polymeric 
pelletierine. King and his coworkers have reported that in their work the 
reaction mixture prior to distillation has shown no reducing properties 
and the higher boiling material postulated as polymeric pelletierine is 
only obtained under drastic distillation conditions. They have postulated 
that the monomeric pelletierine formed in the reduction probably under¬ 
goes aldol condensation and on distillation the polymeric material is 
pyrolyzed to dimers and trimers which repolymerize slowly after distillation. 

Reaction of OCppiperidone (CLXXIX) with one-quarter mole of LAH re¬ 
sults in replacement of the active hydrogen, and on hydrolysis the start¬ 
ing material is recovered. When the reduction is carried out with one- 
half mole of LAH, the amount calculated to replace the active hydrogen 
as well as to reduce the lactam to ^aminovaleraldehyde, the reduction 
product on condensation with one mole of acetonedicarboxylic acid gives 
4% of isopelletierine (CLXXX) and 50% of piperidine (131). 


COOH COOH 



H 

CLXXIX 


LAH/2^ 


CHgCOCH, ^ 



CHjCOCHj 


CLXXX 



H 

(10-119) 
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Here, in contrast to the reduction of the N-methyl compound (CLXXVI), 
the reaction proceeds primarily to the oxygen-free base. 

Galinovsky and Vogl (133) have treated M Pelletierine hydrobromide 
Merck,” obtained from Punica granatum L., with acetic anhydride. An 
ethereal solution of the acetylated base has been reduced with LAH and 
the reduction product oxidized with chromic oxide in acetic acid. The re¬ 
sultant product has been identified as N-ethylisopelletierine, identical 
with the LAH reduction product of N-acecylisopelletierine and the product 
obtained by the reaction of acetonedicarboxylic acid with the product of 
the controlled LAH reduction of N-ethyl-a-piperidone. It has therefore 
been concluded that the hydrobromide salt contains isopelletierine. 



CLXXX 



(10-120) 


CH a CH s 


10.2. l.d a •Oxygenated, pyridines , quinolines and quinoxalines . de 
Mayo and Rigby (109) reported that the reduction of 2-hydroxy quinoline 
(CLXXXI) with LAH in refluxing dibutyl ether gives quinoline, isolated 
in 26% yield as the picrate, and tetrahydroquinoline, isolated in 3% yield 
as the benzoyl derivative. 



Similarly, 2-hydroxypyridine (CLXXXII) under the same conditions gives 
pyridine and piperidine. 



( 10 - 122 ) 


CLXXXII 


Mariella and Belcher (134) reported that the attempted LAH reduction 

of the lactone of 3*carboxy-f>methyl-4-hydroxymethyl-2(l)-pyridone 

(CLXXXI1I) in diethyl ether, diethyl ether-tetrahydrofuran (1: 1), diethyl 
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ether-dioxane (2: l) v dibutyl ether or dibutyl ether-dioxane (1:1) with 
variations in the time of refluxing (one to seven days), variations in the 
method of adding reagents and variations in working up the reaction mix¬ 
ture fails to yield any of the expected diol (CLXXXIV). The only product 
which is isolated besides unreacted starting material is a light yellow 
oil which is not basic and does not give a positive ferric chloride test. 
The use of copper chromite at 170° and 190 atmospheres of hydrogen for 
six hours also fails to reduce CLXXX1II. 




CLXXXIV 
H a C-O 



CH,'^ K ''N^ fK 'OCH, 

CLXXXVI 


The attempted LAH reductions of the lactone of 3-carboxy-l,6-dimethyl- 
4-hydroxymethyl-2(l)-pyridone (CLXXXV) and the lactone of 3-carboxy-4- 
hydroxymethyl-2-methoxy*6-methylpyridine (CLXXXVI) have also been un¬ 
successful (134). In contrast to the unsuccessful attempt to reduce 
CLXXXVI, it is of interest to note that 2-methoxy-3,4,5 f <>tetrahydropyridine 
is readily reduced in ethereal solution to piperidine (135). 

The attempted LAH reduction of 4-acetoxymethyl-3-carboxy-6-methyl- 

2- pyridol (CLXXXVII) has been reported as unsuccessful although the re¬ 
action conditions were not specified (134). While the LAH reduction of 

3- carboxy-6-methyl-2(l)-pyridone (CLXXXVIII) in diethyl ether is unsuc¬ 
cessful, when the reduction is carried out in dibutyl ether the expected 
2-hydroxymethyl-6-methyl-2-pyridol (CLXXXIX) is obtained in 17% yield 
(136). 



CLXXXVII 


CLXXXVIII 


CLXXXIX 
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CXCVI CXCVII 


10.3 IMIDES 


H H 



R 


R. 

(10-125) 


10.3.1 Imlden 


10.3.1. a Reductions with lithium aluminum hydride. The reduction 
of imides is analogous to that of amides and lactams, consuming a total 
of one mole of LAH per mole of imide for the reduction of the two carbonyl 
groups to methylenes. 

O 


(CH,)„ 


> 

\ 


LAH 


-CH, 


( 10 - 126 ) 


CXCVIII 


The LAH reduction of substituted, including N-substituted, succinim- 
ides(CXCIX) yields pyrrolidine derivatives, while substituted glutarimides 
(CC) are converted to piperidine derivatives. 




R R 

CXCIX 


(10-127) 



R 

CC 



(10-128) 


Lukes and Ferles (139) have reported that the reduction of the substi¬ 
tuted N-methylglutarimide (CCI) yields the expected N-methylpiperidine 
(CCU). 





10.3 


1MIDES 


629 


to give negative results whether the LAH reduction is carried out in 
ether or tetrahydrofuran (141). 




)=\ NCH a CH,OH 


r/ 




NCH a CH a OH 


O 

CCXI 


On the other hand, substituted N-(/9-hydroxyethyl)succinimides (CCXI) 
are readily reduced to the corresponding pyrrol idyl ethanols (142). 

The dilactam of y-aminopimelic acid (CCXII), which possesses the 
imide structure, is reduced with LAH in tetrahydrofuran to pyrrolizidine 

(143). 



CCXII 


(10-134) 


Weygand and Tietjan unsuccessfully attempted to prepare o-phchalalde- 
hyde by the reduction of phthalimide and N-methylphthalimide with the 
calculated amount of LAH (55). 

The reduction of various imides with LAH is summarized in Table LXIV. 

10.3. l.b Reactions with the hofohydrides . The non-reduction of the 
imide group with sodium or potassium borohydride has been utilized in 
the following sequence (144,145): 




LAH Reduction of Imidet 
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10.9.2 Diacylamines 

The diacylamine, N,N-diacetylglycine ethyl ester (CCXIII), which is 
the open chain analogue of an imide, is reduced with LAH, in the expected 
manner, to N,N-diethyl ethanol amine (146). 


CHjCOv CH,CH a ' 

/NCH.COOC.H. / 

CH,ccr ch,ch/ 

CCXIII 


/NCHji 


CHjOH (10-136) 


Witkop and Patrick (23) have reported that LAH reduction of aromatic 
diacylamines yields alkylamines rather than di alkyl amines. Thus, LAH 
reduction of N,N-diacetylaniline (CCXIV) and N,N-diacetyl-o-anisidine 
(CCXV) yields N-ethylaniline and oN-ethylanisidine, respectively. 


/COCH, 
c.h,n{ 


*\ 92 % 

n coch s 

CCXIV 


* C fl H I NHCH a CH l 


(10-137) 


|^A^ COCH » 

x COCH, 


LAH 

76V. 



OCH, 


NHCH a CH s 


( 10 - 138 ) 


CCXV 


Reduction of N,N,0-triacetyl-o-aminophenol (CCXVI) yields 57% oethyl- 
aminophenol and an oily by-product which forms a 3,5-dinitrobenzoate, 
ni.p. 128.5-130°. A similar oily by-product is formed by the LAH reduc¬ 
tion of N-benzoyl-O-acetyl-oaminophenol (CCXVII) to o-benzyl amino- 
phenol. The phenolic hydroxyl seems essential for the formation of these 
oily products since none of them are observed in the reduction of CCXIV 
or CCXV. 

a OCOCH, 

n -coch, 

''COCH, 

CCXVI 


a OCOCH, 

NHCOC.H, 

CCXVII 


The formation of alkylamines by LAH reduction of diacylamines is 
formulated as follows: 
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R 1 CH=0 -4 R l CH fl OH 

+ (10-139) 

R—N=C—R, —> RNHCHjR, 

OA1X, 


Witkop and Patrick, have indicated, without the publication of experi¬ 
mental results, that in mixed diacylamines hydrogenolysis by LAH re¬ 
moves acetyl rather chan benzoyl. 

10.3.9 Hydaatolas 

10.3.3.a Reductions with lithium aluminum hydride . Wilk and Close 
(147) have reported that the LAH reduction of the hydantoin nucleus can 
be directed to yield an imidazolone, imidazole or imidazolidine. Addition 
of an ethereal LAH solution to a suspension of 3-methyl-5-phenylhydantoin 
(CCXVIII) in ether, followed by room temperature stirring for 16 hours, 
yields 66% l-methyl-4-phenyl-2(3H)-imidazolone (CCXIX). Further reduc¬ 
tion of the 2-carbonyl groiq> is only affected after prolonged refluxing of 
CCXIX with LAH, to yield l-methyl-4-phenylimidazole (CCXX). 



0=C-NCH, HC-NCH, HC-NCH, 

CCXVIII CCXIX CCXX 

(10-140) 


Complete reduction of CCXVIII to l-methyl-4-phenylimidazolidine (CCXXI) 
is carried out by treating the hydantoin with excess LAH under prolonged 
refluxing conditions. 


IV 

H/ \ 

:,h, c c=o 


H 

H / N \ 

C,H,C CH, 


(10-141) 


0=C-NCH, H,C-NCH, 

CCXVUI CCXXI 

5-PhenyIhdydantoin has been converted to 4-phenyl-2(3H)-imidazolone in a 
manner similar to the conversion of CCXVIII to CCXIX. 

10.3.3.b Reactions u/itb sodium borohydride. Sodium borohydride 
does not attack the hydantoin nucleus and has consequently been utilized 
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by Wessely, Schlogl, Korger, and Wawersich in a new method for the deg¬ 
radation of peptides. The procedure is outlined in Flow Sheet III (73,74). 

Flow Sheet ID 

R. 0 R, O R( O R« O R- O Rg 

I II III kocbO III ? II I 

HjNCH—C—NHCH—C — NHCHCOOH ROCNHCH—C—NHCH—C—NHCHCOOH 


oles NeOll 


fi R, 0 

c C I I I 

j )N —CH —C —NHCHCOOH 

HN- 


r 


-• 0 = 


■< 


T 1 

NHCH 


NHCH< 

I 

Ri 


HCI (1:1) 


t,CH—c/ 0 
HN- 


R. 

\ I R 

>)—CHCOOH or 


R. 


1,CH —(/ |' 

N—CHCOOH H 


HN —S. 


1 


soci. 


H '9 H — C \j 

)N—CHCOCI 
HN-C^ 


P R, 

n.CH-cf I 

I )N—CHCH,OH 

HN- 


,CH-Cy 0 


R, 

HN 


T‘ 

chcoci 


I 


1. NsBK. 

2. Hfi 


R|CII—c/ I 

I >-' 

HN- 


R i 

CHCH.OH 


. HCI 


£ 


!■ 


f 


R. 


H,NCHCOOH + H.NCHCHgOH ^NCHCOOH 4- HgNCHCH.OH 


This technique has been applied to a series of tri- and tetrapeptides. 
A further application has been in differentiating between the isomeric 
hydantoins formed on treatment of the intermediate urea compound with 
1: 1 hydrochloric acid. The reduction product is hydrolyzed with con¬ 
centrated hydrochloric acid followed by the addition of sodium hydroxide 
to pH 8. Ether extraction of the alkaline solution removes the aminoalcc^ 
hoi. The aqueous solution is evaporated and the residue taken up in 
ethanol. Paper chromatography permits the identification of the amino 
acids. 

The following hydantoin acid chlorides have been reduced with sodium 

horohydridc: 
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R,CH—C 
HN 


/NR, 


CCXXII 


R. 

Ri 

Ref. 

H 

CH(CH a C.H|)COCl 

148 

CH, 

CH(CH,CH(CH,),)C0C1 

149 

(CH»),CHCH, 

CH(CH,)COCl 

148 

(CH,),CHCHj 

CH a CONHCH(CHjC,H,)COCl 

73,74 

C*H,CH| 

CHjCOCl 

73,150 

p-HOC*H«CH, 

CH(CH|)COCl 

148 


10.4 CARBAMATES 

The reduction of carbarn ares with LAH yields N-methylamines and 
alcohols. 


RNHCOOR' RNHCH, + R'OH (10-142) 

The reduction of ethyl N-phenylcarbamate (CCXXIII) and ethyl N-benzyl- 
carbamate (CCXXIV) is reported to yield N-m ethyl aniline and N-methyl* 
benzyl amine, respectively: 

I All 

C i H p NHCOOC,H, ■—* CfH,NHCH, (10-143) 

CCXXIII 

LAH 

C l H l CH,NHCOOC,H l —■♦ C I H,CH,NHCH, (10-144) 

CCXXIV 

The reduction of N-carbomethoxysarcosine (CCXXV) yields dimethyl- 
am i noethannl (131), while benzyl alcohol has been obtained in the reduc- 

CH.NCH.COOH CH.NCH.CH.OH 

| | (10-145) 

COOCH, CH, 

CCXXV 

tion of benzyl carbamate (CCXXVI) (132). 

CgHgCHjOCONH, C.H.CH.OH (10-146) 

CCXXVI 
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Karrer and Nicolaus (39) reported chat the carbobenzoxy group in vari¬ 
ous peptides is reduced with LAH in tetrahydrofuran to yield benzyl al¬ 
cohol and the N-methyl amino compound, Carbobenxozyglycine ester 
(CCXXVII) is reduced to benzyl alcohol and N-methylethanolamine. 

LAH 

C e H B CH a OCONHCH a COOC a H B C f H B CH a OH + CH a NHCH a CH a OH 

CCXXVII (10-1473 


The reduction of carbobenzoxyglycyl-L-leucine ester and carbobenzoxy- 
glycyl-L-leucinamide analogously yields the N-methylamine derivative. 

Jolles and Fromageoc (40) have reported chat LAH reduction of the 
a-benzyl ester of ethyl carbobenzoxy-DL-aspartyl-0-glycinate (CCXXVIH) 
in N-ethylmorpholine yields 51% of the dipepcide diol (CCXXIX) accom¬ 
panied by benzyl alcohol 9 echanol p toluene and carbon dioxide. 

I AH 

C 6 H B CH a OCOCHCH a CONHCH a COO C a H B 

NHCOOCH a C 6 H B 

CCXXVIH 

HOCH a CHCH a CONHCH a CH a OH (10-148) 
NH a 

CCXXIX 


These results are at variance with ocher carbamate reductions in yielding 
the primary amine, toluene and carbon dioxide from the carbobenzoxy 
group. The LAH reduction of the a-benzyl ester of ethyl carbobenzoxy- 
glutamyl-y-glycinate (CCXXX) is analogously reported to yield the di¬ 
peptide diol (CCXXXI) (41). 


C 8 H B CH a OCOCHCH a CH a CONHCH a COOC 2 H B 


LAH 


NHCOOCH a C 6 H b 
CCXXX 


HOCH 2 CHCH a CH a CONHCH a CH 2 OH (10-149) 
NH a 

CCXXXI 


N-Caibobenzoxyglutathione has been reduced with LAH but the reduction 
products have not been indicated. 

The reduction of DL-phenyl alanine-N-carboxyanhydride (CCXXXII) 
yields phenylalaninol as the principal product indicating the cleavage of 
the carboxyl group from nitrogen. The other products of the reduction are 
N-forvnyl^henylalanine and N-methylphenylalaninol (151). 
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P 

C t H,CH,CH—Cf 

I > 
HN— '\ 


LAH 


QH.CHaCHCHjOH + 


CCXXXII 


NH, 

CgHp CH, CHCOOH + C.H.CHaCHCHaOH (10-150) 
NHCHO NHCHj 


The N-formyl and N-methyl produces are postulated as indicative of the 
reaction of the N-carboxy anhydride in the isomeric isocyanate form. How¬ 
ever, they may also be considered as products of a carbamate reaction. 
Ferles and Rudinger (153) have postulated that these products as well as 
those in equations (10-148) and (10-149) arise through incomplete reduc¬ 
tion to the hydroxymethyl derivative and hydrolysis of the latter during 
the work-up of the reaction mixture. 

The reduction of 10-carbomethoxyphenothiazine (CCXXXIII) yields 
phenothiazine as the only identifiable product (64). 




(10-151) 


lO-Aminoacylphenothiazines are similarly cleaved under the influence of 

LAH (63). 
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CHAPTER 11 

Reduction of 

OXYGEN-CONTAINING ORGANIC COMPOUNDS 
V. Compounds Containing Ether Linkages 

11.1 ETHERS 

11.1.1 Reactions with Lithium Aluminum Hydride 

Echers are generally resistant to attack by LAH. Thus, the majority of 
LAH reductions are carried out in diethyl ether. Di-n-propyl and dwi- 
butyl ethers have also been widely used, as well as the cyclic ether 
tetrahydrofuran. 

The synthesis of methanol by the LAH reduction of carbon dioxide pro¬ 
ceeds with a satisfactory yield. However, the isolation of methanol from 
ethei^water mixtures gives low yields. Nystrom, Yanko, and Brown (1) 
adopted the use of the diethyl ether of diethylene glycol (T) as a non¬ 
volatile solvent replacing the diethyl ether, and the monobutyl ether of 
diethylene glycol (II) to decompose the excess LAH and to liberate 
methanol by alcoholysis of the intermediate complex. 

CjH.OCHjCHav C4H,OCH a CH a \ 

/° /° 
CjHjOCHjCHa HOCHjCH/ 

I II 

Working with I and II, Nystrom, Skraba, and Mansfield reported that traces 
of diethyl ether are present in the methanol-C 14 produced by this method 
(2). Cox, Turner, and Wame did not detect diethyl ether under these con¬ 
ditions but instead identified inactive ethanol, butanol and formaldehyde 
as impurities in the methanol <3,4). Using I as solvent for the LAH and 
benzyl alcohol or the monophenyl ether of ethylene glycol for the decom¬ 
position and alcoholysis gives ethanol and formaldehyde as impurities. 
The ethanol obtained in these reactions probably arises by the cleavage 
of the diethyl carbitol (I) by some lithium compound under the conditions 
of the reaction. Inactive ethanol has also been reported as an impurity in 
the labeled ethanol obtained by the LAH reduction of acetic-l-C 14 and 
acetic-2-C 14 acids, utilizing I and II as indicated above (5). In order to 
eliminate the ethanol produced in the reduction of carbon dioxide, Cox, 
Turner, and Wame have utilized solvents which cannot afford volatile by¬ 
products, i.e., tetrahydrofurfuryloxytetrahydropyran as solvent for LAH 
and tetrahydrofurfuryl alcohol for alcoholysis (3,4). 

The non-reduction of t-steroid ethers by LAH has beed utilized for the 
protection of the Ci double bond system in a number of synthetic studies 
( 6 ). 
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Karrer and Rilttner reported that the following ethers are not attacked 
by LAH at their boiling points (7): phenyl allyl ether, phenyl benzyl 
ether, phenyl crityl ether, Ot-naphthyl allyl ether, cinnamyl methyl ether, 
cinnamyl crityl ether. This is analogous to the behavior of Grignard 
reagents since ethers are stable at ordinary temperatures in the presence 
of organomagnesium compounds (7-9). However, ether cleavage does oc¬ 
cur with the Grignard reagent in the presence of cobalt chloride (10). 
Treatment of phenyl allyl ether (III) with ethereal LAH in the presence of 
cobalt chloride under refluxing conditions gives 26% phenol (7-9). 

C e H*OCH J CH=CH, LAH ~ C ° Cla -> C«H*OH (11-1) 

III 

Similar treatment of phenyl benzyl ether (IV) results in 10% cleavage into 
phenol and toluene. 

C,H,OCH a C.H, LAH ~ C ° CI, -» C*HiOH + C^CH, (11-2) 

IV 

Anisole is not attacked by ethereal LAH in the presence of cobalt chlo¬ 
ride (7). 

As discussed in Section 8.1.1.a, the reduction of cyclohexyloxyacetic 
acid (V) and frons-/9-decahydronaphthyloxyacetic acid with LAH in ethe¬ 
real solution yields 65% of the expected reduction product and 10% of the 
cleavage products cyclohexanol and ,Q-decalol, respectively (11). 



(11-3) 


Brown (12) has shown that the reduction of 2,2-disubstituted-4-phenoxy- 
butyronitrile (VI) with an ethereal LAH solution yields the expected 
amine where R = methyl, ethyl, phenyl, or tolyl. 


R R 

C*H iOCH,CH jCCN C,H,OCH a CH a CCH J NH J 

R R 


VI 


(11-4) 


When R * isopropyl, 85% of the starting material is recovered and 9% of a 
cyclization product is isolated as the hydrobromide. 
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c«h t 

I 

C jH ,OCH jCH jCCN 
C,H t 



LAH 



HjC CH 2 

N 

H 


VII 


(11-5) 


The LAH reduction of l-bromo-2-etho*y-2-phenylethane (VIII) yields 
styrene as well as the expected 2-ethoxy-2-phenylethane (13). 

C*H|CHCHjBr C.H.CHCH, 

| | + C 6 H 5 CH=CH 2 (11-6) 

OC a H a OCjHg 

VIII 


A rearrangement has been reported (14) in the LAH reduction of a-(2- 
dimethylaniinoechoxy)-OL p (X-diphenylacetopiperidide (IX) to yield 30% of 
the expected piperidinoethane and 32% of 3-dimethylamino-l p l-diphenyl- 
1-propanol. 



OCHjCHjNfCHj) 


2 


CgHg 



O CH a C—OCHjCHjNfCHjJa 

CgHg 

OH + 

I 

(CftHgJaCCHaCHJNffCH,)* 


(11-7) 


As discussed in Section 10.1.1.d.l p the reaction apparently involves a 
reductive cleavage of a carbon-carbon bond followed by a rearrangement 
as shown in equation (10-33). 

The LAH reduction of the methyl esters of methylated mannuronic acids 
derived from alginic acid p followed by hydrolysis with dilute sulfuric 
acid, yields 2,3-dimethylmannose, dimethylglucose, 2,3,4-trimethylman- 
nos e, and monomethylmannose. Treatment of the methylm anno side de¬ 
rived from 2 l 3 a dimethylmannose with LAH yields some monomethylman¬ 
nose indicating that demethylation might account for much of the mono¬ 
methylmannose found in the reduction products of the alginic acid de¬ 
rivative ( 15 ). 
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The apparent cleavage of the ether linkage in the LAH reduction of 
N^Ot-ethoxybenzyl)acetanilide (X) and the analogous mechoxy compound 

II 

(16) occurs by virtue of the presence of the —NCO—grouping, as dis¬ 
cussed in Section 12.17. Various other apparent ether cleavage reactions 
fall within this category. The reaction of LAH and 2-methoxy-3,4,5,6- 
tetrahydropyridine (XI) to yield piperidine (17) is also related to the 

presence of the —NCO — grouping. 


OC.H. 

C|H*CHNCOCH | 

CJi t 
X 

1LL2 Reaction with Other Complex Metal Hydrides 

Aluminum hydride is reported to tenaciously retain ether and evidence 
has been obtained for a monoetherate stable below 0° (18). 

Aluminum borohydride reacts with dimethyl ether to form an addition 
compound which decomposes at 40-60° to yield a mixture of products 
which are not the parent substances (19). 



11.2 1,2-EPOXIDES 

This section is primarily concerned with ethylene oxides (1,2-epoxides). 
Cyclic ethers containing more than two carbon atoms in the ring are con¬ 
sidered in Section 11.9 as heterocyclic oxygen compounds. 

11.2.1 Reductions with Lithium Aluminum Hydride 

The reaction of LAH and 1,2-epoxides consumes one-quarter mole of 
the hydride per mole of epoxide, according to the equation: 



4 R t —C—C—R, 

H I 


OH 


( 11 - 8 ) 
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As discussed in Section 6.1.1, Trevoy and Brown (1) have proposed 
that the reduction of epoxides involves a bimolecular nucleophilic dis¬ 
placement proceeding by an S*i a mechanism. Inversion of configuration 
occurs on the carbon atom attacked in the LAH reduction. The reactive 
species is postulated as a series of complex aluminohydride ions, 
AlH 4 ^R n " p which act as carriers for the hydride ion. 

11.2.1.a Acyclic Epoxides . The opening of monosubstituted ethylene 
oxides usually proceeds with cleavage of the carbon-oxygen bond at the 
primary carbon to yield the secondary alcohol as the predominant product. 
Thus, epichlorohydrin is reduced to 2-propanol in 88% yield (20) while 
l,2;5,6-diepoxyhexane is reduced to 2,5-hexanediol (21). The LAH re¬ 
duction of l v 2-epoxydecane yields 90% of the secondary alcohol 2-decanol 
(22). In contrast, other methods of reduction yield mixtures of the primary 
and secondary alcohols as shown in Table LXV. 

TABLE LXV 


Reduction of 1,2-Epozydecane (22) 


Method 


Product, % 

1-Decanol 2-Decanol 


Chemical Reduction 


LAH 


90 

Sodium amalgam-ethanol 

5 

35 

Catalytic Reduction 

Raney nickel” 

83-90 

10 

Raney nickel-NaOH” 

5-7.5 

85-95 

Raney nickel-HjPO/ 

50 

50 

N i-on-kie ae 1 guhr b 

85 

10 


‘150°, 900 psi. 
b 200°, 1430 psi. 

Styrene oxide is attacked by LAH at the terminal carbon to yield 1- 
phenylethanol (20,23)- Catalytic hydrogenation with Raney nickel in the 
absence or presence of sodium hydroxide or phosphoric acid yields the 
primary alcohol 2-phenylethanol (22). 

The reduction of 3,4-epoxy-l-butene (XII) with LAH yields a mixture of 
3-buten-2-ol and 3"buten-l-ol in which the predominant product is the 
secondary alcohol (20). 

CH a =CHCH—CH. 

V 


xn 


CH a =CHCHCH, + CH 2 =CHCHjCH 1 OH (11-9) 
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7te y/e/ds sod proportions 0 / products arc, however, dependent upon the 
concentration of LAH, as shown in Table LXVI (24)* 

TABLE LXVI 

LAH Reduction of 3,4-Epoxy-l-butene (24) 


LAH/Epoxide 
Mole Ratio 


Total Alcohols p 

% 


Relative % 


3-Bucen-2-ol 3-Bucen-l-ol 


2.1 

100 

70 

30 

2.1 

76 

72 

28 

0.68 

90 

70 

22 

0.26 

72 

B3 

17 

0.67 (20) 

71 

82 

18 


The percentage of secondary attack to yield the primary alcohol in¬ 
creases with an increase in the LAH/epoxide ratio. Partial hydrolysis 
of the LAH with methyl isobutyl carbinol prior to its reaction with the 
epoxide (XII) results in a decrease in the percentage of secondary attack. 
These results are consistent with two postulations: (a) LAH reduction of 
epoxides is initiated by attack at the epoxide by a series of ions v A1H 4 ~, 
AIH s OR“, A1 Hj(OR) 2 ~ and AlH(OR),“, which although electronically 
similar increase in steric requirements in the indicated order, and (b) 
steric factors are important in determining position of attack and direc¬ 
tion of ring opening. 

Reduction of 1,1-disubstituted epoxides with LAH results in attack at 
the primary carbon atom to yield the tertiary alcohol as the major product. 
Reduction of a-methylstyrene oxide (XIII) yields 2-phenyl-2-propanoI (25) 
while 1,1-dineopentylethylene oxide yields a mixture of the primary and 
tertiary alcohols with the latter as the more abundant product (26). 


CHj 

I 

C.H.C — CH, 
O 

xin 


LAH 


CH, 

I 

CgHgC—CH, 
OH 


( 11 - 10 ) 


Reduction of 1,2-disubstituted epoxides yields secondary alcohols. 
While styrene oxide and OC-methylstyrene oxide are attacked at the j8- 
carbon, a substituent on the /3-carbon, as in benzalacetophenone oxide 
(X]V) v shifts the main attack to the OL-position (20,27). 


C.H, 


o 


:h— c —c,h, 
o 


LAH 


C.H.CH.CH—CHC«H, (11-11) 
OH OH 


XIV 
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Trevoy and Brown suggest that the reduction of the carbonyl group pre¬ 
cedes the opening of the epoxide ring (20). Reaction with the Grignard 
reagent results in cleavage between the carbonyl and the epoxy groups 
(28). 

Comparison of the reactions of 1,2-epoxides with Grignard reagents and 
those with LAH reveals several analogies (28). Monosubstituted epoxides 
react with the Grignard reagent to yield secondary alcohols, as with LAH. 
Grignard reactions with 1,1-disubstituted epoxides proceed through ini¬ 
tial isomerization to an aldehyde followed by normal addition to the 
carbonyl group. The isomerization is attributed to the presence of the 
magnesium halide in the Grignard reagent equilibrium since reaction with 
the dialkyImagnesium gives the tertiary alcohol, as with LAH, by ring 
cleavage without isomerization. Reaction of an epoxide with a magnesium 
halide yields a halohydrin. LAH reduction of 4 f 5-isopropylidene-l,2;3 f 6- 
dianhydromannitol (XV) yields the secondary alcohol (XVI) while reaction 
of XV with the methyl Grignard reagent yields the halohydrin containing 
the secondary alcohol group (XVII) (29). 



HOCH 



XVII 

Whereas styrene oxide reacts with LAH to yield the secondary alcohol, 
reaction with the Grignard reagent proceeds through isomerization to 
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phenyl acetaldehyde and reaction with a di alkyl magnesium yields a 
primary alcohol (28). The course of the reaction of 3 9 4-epoxy-l-butene 
with the Grignard reagent is governed by the size of the Grignard reagent, 
a factor which also appears to play a part in the reaction with LAH. 

The reduction of cis- and truns-stilbene oxides (XVIII) with lithium 
aluminum deuteride yields 2-deutero-l, 2-diphenyl ethanol s (30). 

CfHiCH—-CHC.H, L ‘^ U>4 * C.H.CH—CHC.H, (11-14) 

o' I i 

u OH D 

XVIII 

The reactions of LAH and various acyclic epoxides are summarized in 
Table LXVII. 

Collin-Asselineau et ah (31) have reported the isolation of a hydroxy 
oxide y m.p. 143° v and a saturated, neutral trioxide, m.p. 178°, among the 
products from the chromic acid oxidation of arobriine. The hydroxy oxide, 
which has an empirical formula of C l0 H la O a , and is postulated as XIX, is 
recovered unchanged after boiling in ether with LAH or refluxing for two 
hours at 140° in N-ethylmorpholine with ten times the theoretical amount 
of LAH. The trioxide, C 10 H aa O s , is resistant to the action of LAH in 
boiling N-ethylmorpholine. 



The reaction between LAH and 1,1-di- and 1,1,2-trisubstituted epoxides 
in which the 1,1-substiruent is a cyclohexane ring represents an interest¬ 
ing picture. Billimoria and Maclagan originally reported, without details, 
that the reaction of the glycidic ester (XX) and LAH yields 1-cyclohexyl- 
ethylene glycol (32). In a subsequent account (33) they indicated that 
the reaction actually yields 1-hydroxyethyl-1-cyclohexanol (XXI), the al¬ 
ternative a,^-diol structure being unlikely as the product does not react 
with benzaldehyde or acetone. 

OH 

HCOOC a H. lah 




XX 


XVI 



TABLE LXVII 

LAH Reduction of Acyclic Epoxides 
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J Reduction carried out in diethyl carbicol at 25 . 

*L. W. Trevoy and W. G. Brown, J. Am. Chem. Soc., 71, 1675 (1949). 

*Products with same composition when reduction carried out at —40 or in re¬ 
fluxing ether. 

Percentage of primary and secondary alcohols in alcohol mixture varied with 
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The same diol is obtained whether the ratio of oxide to LAH is 2:1 or 
vice versa. 

Mousseron et al. ( 11,34) also concluded chat the reduction of the 
glycidic ester (XX) gives XXI in 60% yield. On the ocher hand, cthyl- 
idenecyclohexane oxide (XXII) is cleaved with LAH to yield 1-cyclo- 
hexylethanol (11,34,35). 



XXII 


( 11 - 16 ) 


The reduction of the unsubsticuted epoxymethylenecyclohexane (XXIII) 
yields 1-methylcyclohexanol (11,35). 


xxm 



LAH 

65 % 



(11-17) 


The reactions represented in equations (11-15) and (11-17) comply with 
the previously indicated generalization that the attack with LAH is upon 
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the least substituted carbon to yield the tertiary alcohol while equation 
(11-16) indicates attack in the opposite direction. According toMousseron 
(11), the direction of ring opening in the reduction of XXIII is determined 
by the resonance form XXIV. 



The electron-donating effect of the methyl group determines the direction 
of ring opening in the reduction of XXII, while the electron-attracting 
substituent in XX reverses the direction. 



11.2.1.b Alicyclic Epoxides . LAH reduction of cyclohexene oxide 
yields 91% cyclohexanol (20). Reaction of the oxide with the Grignard 
reagent proceeds through initial contraction of the six- to a five-membered 
ring to form cyclopentyl formaldehyde which then reacts normally with 
the reagent. Reaction of the oxide with a di alkyl magnesium proceeds 
without rearrangement (28). 

Mousseron, Jacquier, Mousseron-Canet, and Zagdoun (11,35-37) have 
recently investigated the LAH reduction of a series of substituted cyclo¬ 
hexene oxides. The results of their studies are summarized in Table 
LXVIII along with those of other investigators. 

The LAH reduction of 3-ethoxy-l,2-epoxycyclohexane yields trans* 2- 
ethoxycyclohexanol while the 3-chIoro compound yields cis-2-chIoro- 
cyclohexanol. If the direction of ring opening is the same in both cases 
then the ethoxy compound has structure XXV whereas the chloro com¬ 
pound has structure XXVI. 


XXV XXVI 

A small quantity of cyclohexanol is formed in the reduction of XXVI, 
probably as the result of dehalogenation. 





TABLE LXVIII 

LAH Redaction of Alicyclic Epoxide 
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The reduction of 1-methyl-, 1-chloro- and 1-cyano-l,2-epoxycyclo¬ 
hexane s conforms to the expected behavior to yield the tertiary alcohols. 
In the reduction of the 1-ehloro derivative (XXVII) the predominant attack 
is on the secondary carbon yielding the transitory gem-halohydrin. The 
latter is converted to cyclohexanone which is in turn reduced to cyclo- 
hexanol. The normal inductive effect of the halogen provokes a rear 
attack by the hydride ion on the tertiary carbon to give, with Walden in¬ 
version, cz5-2-chlorocyclohexanol. 


o-M-cr-cr 


1 
H 6 
XXVII 


(11-19) 




( 11 - 20 ) 


XXVII 


Mousseron (11) has postulated that in the reduction of 1-acetoxy-1,2- 
epoxycyclohexane (XXVIII) an unexpected attack on the tertiary carbon 
yields, with Walden inversion, ris-l,2-cyclohexanediol. The simultaneous 
formation of the frans-diol is postulated as arising by a secondary reac¬ 
tion resulting in isomerization of the epoxide to 2-acetoxycyclohexanone. 



| ( 11 - 21 ) 

Kjp^-OH 


XXVIII 



( 11 - 22 ) 


XXVIII 


A more satisfactory mechanism involves the initial reduction of the ester 
group. 


'Mo^tcd-cc 


(11-23) 


xxvm ' 
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The reduction of 1-dimethylamino-1,2-epoxycyclohexane (XXIX) has 
also been postulated as involving a predominant, unexpected attack on 
the tertiary carbon, in this case without Walden inversion, to yield irons- 
2-dimethylamino-l-cyclohexanol. The isolation of the single diastereo- 
isomer has also been observed in the reduction of 2-di methyl aminocyclo- 
hexanone. Attack on the secondary carbon of XXIX yields the inter¬ 
mediate gem-carbinol-amine which is convened to cyclohexanol. 



The formation of the secondary alcohol instead of the expected tertiary 
alcohol is more satisfactorily explained by reference to the expected 

II 

cleavage of the-NCO—grouping (Section 12.17). 


Reduction of l f 2-dimethyl-1,2-cpoxycyclopentane and cyclohexane is 
accompanied by inversion to yield the trans products (20). 

Reduction of the cyclic acetal of epoxysuccinaldehyde, 3 f 4-epoxy-2,5- 
dimethoxytetrahydrofuran (XXX) with LAH yields the cyclic acetal of 
malic aldehyde (XXXI) (38). 


CH,0 n OCH 3 CH<0 n OCH s 

M / \ AA ' 


hVY, 

i i 

HC— CH 

o / 


LAH 

-1 

B7% 


\/V 

HC CH 

I I 

HjC-CHOH 

XXXI 


( 11 - 26 ) 


XXX 


LAH reduction of the ethylene ketal of 3 , 4 -epoxytetrahydro-OC-ionone 
(XXXII) yields the tertiary alcohol, the ethylene ketal of 3 -hydroxytetra- 
hydroionone (XXXIII) (39). 
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LAH 


XXXII 


XXXIII 



(11-27) 


Mallein has recently reported char reduction of the 5,6-epoxide of red- 
nene x (XXXIV) with LAH in ether solution yields Vitamin A t epoxide 
(XXXV) wherein the 1,2-epoxide ring has not been attacked (40). 



Autooxidation of caryophyllene, a sesquiterpene hydrocarbon from oil 
of cloves, yields caryophyllene oxide which on oxidation with potassium 
permanganate is converted to an oxido-ketone, m.p. 62-63°. LAH reduc¬ 
tion of the oxido-ketone in ether gives an oxido-alcohol, m.p. 140-141°. 
That this compound is formed by reduction of the carbonyl group and that 
the oxide ring is not attacked has been proved by chromic acid oxidation 
which regenerates the original oxido-ketone (41). Three possible struc¬ 
tures for the oxido-ketone were originally advanced since the structure 
of caryophyllene had not been established at that time. Further work by 
Barton and Lindsey has led to the postulation of the structure of the 
sesquiterpene (42) and advancement of the structure of the oxido-ketone 
as XXXVI (43). 



XXXVI 


11.2. l.c Sugar Epoxides . Application of LAH reduction of acyclic 
epoxides in the sugar series has been shown in equation (11-12) and 
Table LXVII. The same principles generally hold for alicyclic epoxides 
in the sugar series. 

Reduction of 2,3-anhydro derivatives is reported to yield the corre¬ 
sponding 2- or 3-desoxy compound. Thus, methyl 2 f 3*anhydro-4,6-ben- 
zylidene-a-D-alloside (XXXVII) (44), methyl 2,3-anhydro-4,6-benzylidene- 
Ot-D-guloside (XXXVIII) (45) and methyl 4,6-ditosyl-2,3-anhydro-0t-D- 
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alloside (XXXIX) (46,47) are reduced with LAH to the 2-desozy 
derivatives. 




xxxvra 




XXXIX 


Reduction of methyl 2,3*anhydro-4,6-benzylidene-0C-D-mannoside (XL) 
(44) and methyl 2 l 3~anhydro-jS-D-riboside (XLI) (48) yields the 3~dasoxy 
derivatives. 



XL 
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The reduction of XLI with LAH in ether yields 71% of a syrupy residue. 
On treatment with lead tetraacetate the presence of 14% of the 2-desoxy 
compound is detected, the remainder of the product being the 3-desoxy 
derivative (48). 

The reduction of XXXVII with LAH yields 56% of the 2-desoxy com¬ 
pound, with preservation of the benzal residue. Catalytic hydrogenation 
over a nickel catalyst followed by treatment with benzaldehyde yields 
58% of the 3-desoxy compound accompanied by only 3.5% of the 2-desoxy 
sugar (44). 

Davoll, Lythgoe, and Trippett (49) have reported various attempts to 
prepare the 2'-desoxypentose from 2',3'-anhydro-7-0L-D-lyxofuranosyl- 
theophylline (XLII). Opening of the ring with sodium thioethoxide gives 
89% of the 3'-desoxy compound and only 0.8% of the 2'-desoxy compound. 
’’Preliminary experiments in which the anhydro compound was treated 
with LAH indicate that the use of this reagent gives results no more 
favorable.../ 1 Therefore, the reduction in this case as well as the re¬ 
duction of the analogous XL and XLI yields the 3-desoxy sugar. 



CH.OH 

XLII 


11.2.1.d Steroid Epoxides. The course of the reduction of steroid 
epoxides is determined by the configuration of the oxirane ring. In addi¬ 
tion, the direction of ring opening is dependent upon the degree of sub¬ 
stitution of the carbon atoms comprising the ring. 

Epoxides containing structure XL III are reduced with LAH to the 



XLin 


polar hydroxy compound (50). 2a,30C-Oxidosteroids (XLIV) are converted 
3ot-hydroxy derivatives and 2/?,3/3-oxidosteroids (XLV) yield the 2/3- 
M»xy compounds. 
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(11-30) 


(11-31) 


LAH reduction of 20t,3(X-oxidocholestane (XLVI) yields epicholestanol 
(XLVII) (Isolated as the monoacetate) as the major product (51-33). In 
addition cholestane-2,3”diol (isolated as the diacetate) and cholestane 
are produced in smaller amounts. The former is a by-product presumably 
produced by hydrolysis of unreacted epoxide. 



XL VI 




( 11 - 32 ) 


Catalytic hydrogenation of XLVI with Raney nickel in alcohol or di- 
oxane or with platinum oxide in dioxane yields unchanged oxidocholestane. 
Reduction over a palladium-on-calcium carbonate catalyst yields chiefly 
unchanged epoxide with a small amount of cholestane-2 p 3*diol. Reduc¬ 
tion with platinum oxide in ethanol yields the same products as with LAH 
while reduction with the platinum catalyst in acetic acid yields the same 
products f as the acetoxy derivatives (51)- Fiirst and Plattner (50) have 
pointed out that reduction of oxides such as XLIII with hydrogen over 
platinum in acetic acid and LAH normally leads to the same polar product. 

The results of the reduction of various 2 v 3-epoxysteroids are sum¬ 
marized in Table LXIX. 







TABLE LXIX 

LAH Reduction of 2,3-Oxidosceroids 
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"Isolated as acetate. 

7 A. Furst and P. A. Plattner, Helv . Chim. Acta, 32, 273 (1949). 
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The reduction of 4,5-oxidosteroids with LAH yields 5-hydroxy com¬ 
pounds. Reduction of 3tt-acetoxy- and 3j9-acetoxy*40l p 5-oxidocholescane 
(XLVIII) with LAH yields cholestane-30L p 5-diol and cholestane-3/? f 5-diol p 



LAH 



(11-33) 


XL VIII 


LAH reduction of the /3-oxides of allocholesterol and epiallocholesterol 
e.g. p 3/8-acetoxy-4/3 p 5-oxidocoprostane (XLIX) and 3a-acetoxy-4/9-ox- 
idocoprostane (L) yields the corresponding coprostane-3,5-diol (32-35. 
57). Reduction of 3/3-hydroxy*4j8,5-oxidocoprostane (52-55) yields cop- 
rostane-3j9,5-diol while the 3-keto derivative is converted to a mixture 
of the epimeric 301,5- and 3/3,5-diols (52-55,58). The 4/3 p 5-oxide bridge 
is resistant to mild catalytic hydrogenation but on hydrogenation with 
Adams platinum oxide catalyst in glacial acetic acid the 4/3-hydroxy 
derivative is formed (56,59). 



(11-34) 


(11-35) 


(11-36) 


(11-37) 
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Therefore there is a difference in the steric course of the catalytic hydro* 
genation and the LAH reduction, the former yielding cholcscane-3,4-diol 
and the latter cholestane-3,5-diol. The 5-hydroxy compound formed with 
LAH is a tertiary alcohol in accord with the previously indicated pre¬ 
ferred direction of ring opening in secondary-tertiary epoxides. 

The oxide ring in 3,5-oxido-3-mechyl-A-norcholestene (LI) is very 
stable. After refluxing for sixteen hours with excess LAH in tetrahydro- 
furan the epoxide is recovered unchanged (60). 



LI 


The LAH reduction of 5,6-oxidosteroids is, analogous to the 2,3-oxides, 
affected by the stereochemical configuration. Thus, reduction of 3/3- 
acetoxy-5,60t-oxido-17-ketoandrostane (LI1) (61), 30l-hydroxy-5,6a-oxido- 
cholestane (LIII) (52-55) and a-cholesterol oxide acetate (52-55,62) yields 
the corresponding 3,5-diol, the secondary oxide linkage being attacked 
in preference to the tertiary. 



6 OH 

LIV 


In contrast, LAH reduction of /3-cholesterol oxide acetate (LV) yields 
cholestane-3j9 v 6/9-diol as the main product (52-55,62) accompanied by 
the expected coprostane-3jS,5*diol (62). Similarly, LAH reduction of 3&- 
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The 9ft|ll&"Oxide grouping in the following compounds remains unchanged 
while ocher reactive groups are reduced by LAH: C as H Bi 0 4l methyl 3-keto- 
90 t l ll(X-oxidocholanate (65); C 25 H 40 O 4 , methyl 90C,llOC-oxidolithocholanace 
(65); 90C,lia-oxido-22-isoallospirostan-3/3-ol (66); C 29 H 4a Ot, 

3/3-acetoxy-90C, lia-oxido-22-isoallospirostan-7-one (67). Sodium boro- 
hydride is similarly ineffective in reducing the 9&,llOL-oxido ring in the 
90t l ll0C-oxido-22-isoallospirostan-7-one (67). 

Treatment of ergosteryl-D acetate (LVIII) with one mole of perbenzoic 
acid yields ergosteryl-D acetate epoxide, C 10 H 4e 0 3 . The latter has been 
postulated as being either the 90C,ll0C-epoxide (LIX) or the 7£,8^-epoxide 
(LX). The reaction of the epoxide with LAH in refluxing retrahydrofuran 
reduces the ester group but leaves the oxide intact to yield ergosterol-D 
epoxide (68). 




LVIII LIX 

R 



LX 

The reaction of LAH with 11,12-oxidosteroids is reported to yield 11- 
hydroxysteroids with both a- and ^-configurations of the oxide ring. 
Thus, the reduction of SCt-acetoxy-ll^Ol-oxidocholanic acid esters (LXI) 
with LAH in ether or tetrahydrofuran yields the triol (LXII), m.p. 183* 
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184°, identical with the product from the reduction of methyl 301,1 lot 
diacetoxycholanate. 



LXI 



(11-41) 


LXII 


The reduction of methyl 30t-acetozy-ll,12/9-oxidocholanate (LXIII) with 
LAH in ether, dioxane or tetrahydrofuran yields the triol, m.p. 186-188°, 
identical with the reduction product from methyl 3tt-acetoxy-llj9-hydroxy- 
cholanate (52-55). 



LXIII 
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Reduction of A UilT -3/3-acetoxy-14, 15/3-oxido-20-keto-5-allopregnane 
(LXIV), C„H ia 0 4f with LAH in a mixture of ether and benzene is re- 

CH, 


C=0 



ported to yield a compound, C al H„0 lf m.p. 174°, and a compound 
C 21 H s4 0 9i m.p. 223-224°. The latter formula would correspond to the 
product arising by reduction of the ester and carbonyl groups to car- 
binols and opening of the oxide bridge. Based on other ring opening re¬ 
ductions the tertiary alcohol would be the expected product. When the 
reduction of LXIV in a mixture of methanol and chloroform is carried out 
with sodium borohydride in aqueous dioxane and the crude product is 
oxidized in the cold with chromic oxide in glacial acetic acid the reaction 
product has the formula C 2l H a4 0 4 and m.p. 149-130°. The nature of the 
product has not been further reported (52-55). 

The reaction of peracids with the 16,17-double bond yields 16,17 a- 
oxidosteroids. LAH reduction of these 16 v 170t-oxides yields 17a- 
hydroxysteroids (69,70). 



(11-43) 


LXV 


The oxide bridge is very stable to catalytic reduction while LAH re¬ 
ductions have been carried out in ether, tetrahydrofuran and ether*benzene 
mixtures. The reduction of 3j8*acetoxy*l6a,17a-oxido-5"allopregnan-20- 
0116 (LXVI) with LAH in ether-benzene, followed by acetylation, is re¬ 
ported to yield Reichstein’s substances J (20j9) and O (20a) as diac* 
states, as well as an oxido diacetate (LXVII). The latter by further re¬ 
duction with LAH is transformed to Reichscein's substance J (71). The 
isolation of LXVII indicates that the carbonyl group reacts more readily 



668 REDUCTION OF COMPOUNDS CONTAINING ETHER LINKAGES 11.2 


than the oxide bridge, as previously postulated in the reduction of benzat 
acetophenone oxide (equation 11-11). 



LXVII 


The results of the reduction of various 16,1701-oxidosteroids are sum¬ 
marized in Table LXX. 

The reduction of V -17,17aCX-oxido-17a^-mechyl-D-homoandrosten-3- 
one (LXVIII) with LAH in tetrahydrofuran yields the 17a0t-hydroxy de¬ 
rivative (69,70). 



The LAH reduction of 17,20-oxido-4-pregnen-3~one (LXIX) is reported 
to yield a compound, m.p. 130°, which contains one double bond and two 
hydroxyl groups and yields a monoacetate (52-55). 
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LXIX 


Since LXIX contains a secondary-tertiary oxide the reduction product 
would be expected to be the tertiary alcohol, consistent with the forma¬ 
tion of the monoacetate. In an analogous manner other 17,20-oxido- 
pregnanes containing substituted or unsubstituted hydroxyl groups in the 
3-, 11- or 12-position are reportedly reduced with LAH (55). 

The reduction of 3”benzoxy-200l,21-oxido-17-isoallopregnan-3^ v 17/3- 
diol (LXX) with LAH yields the 3/9,17/3,200l-triol, isolated in excellent 
yield as the 3,20-diacetate (72). The stereoisomeric 20/3,21-oxide is re¬ 
duced in ’'nearly quantitative yield” to the 20/3-hydroxy compound. In 
these examples the secondary 20-ol is formed in both cases with the 
steric configuration dependent upon the oxide configuration. 



Hydrogenation of the 20a,21-oxide (LXX) with Raney nickel in methanol 
yields a mixture of the 3/9,17/8,2001-triol and 17-isoallopregnan-3/3,17/S, 
21-triol, resulting from ring opening in the opposite direction. The re¬ 
duction of the stereoisomeric 20/8,21-oxide over Raney nickel yields an 
analogous mixture of the 3/8,17/3,20/9-triol and the 3/8,17/3,21-triol (72). 

The reduction of 3,8- and 3,9-oxidosteroids is discussed in Sections 
11.9. Lb and c, under heterocyclic oxygen compounds. 

11.2.1,e Triterpene Epoxides, Epoxide reduction with LAH has been 
employed in the triterpene series. The reduction of 2,3-oxidolupane con¬ 
taining the partial structure LXXXI yields epilupanol isolated as the 
acetate (52,53). 





670 REDUCTION OF COMPOUNDS CONTAINING ETHER LINKAGES 11.2 


x 

X 

J 

bJ 

03 

< 

H 


ao 

-a 

o 

M 

II 


o« 

I 


VO 


a 

o 

w 

U 

3 

1! 

pc 

X 

< 


VO‘ H M 


Q O ITN «AO ^ © 
^ «N (N «TN »r\ ao 


IN VO 


09 

!s 


(I 

PS 


n 

“a 

• M 

u 

u 

w 

x 

u 

■ M 

•I 

PC 


o 

u 

3 

I O 


o 

s 

W Si 


O .1 


X 


■ H 

4 i 


2 “ -2 .S 


PM 

■S’o'i 


"o S 

5 £ 

r- . 
-h oa 

T - 

it 
2? 
11 
< < 
4 A 


S i o 

u 2 u 

u o o 

s«a 

M 5 w 

«J g* « 

93 s 
n < oa 


i • 

* g ii 

•a J a 

w u 

Jt 19 

Sca-g 

rn n 

^ i « 

2 s: 2 

i S>2 

^ x 
u 


5j o 
2 x « 

* 2* 
»PN »P\ 


4 Si 

O O B 

rf rf g. 

r- r»- q 
H H ,5 

"3 

fp\ fP 

£ * & 
a a -h 
II D N 

2 2 9 

ill 

< < ’"1 


V .2 .2 S 
fr r ?> 

rs N N || 

C Blii 

-OON 

.2n c 

7 d ts i 

« ss i 

P i i 7 

m.2 .2 i 

& "S -S ^ 
■S &8>S 
X 8 S P 
of'N 

. ^ A 

"i t i. » 

^ m m e 

I o o 00 

S-S-S 2 
S W “ ej- 

W 1^ m IA 


M 

J 

rM 

i 

8> 

* I 

n 

■i 

09 *S 

|S 

9 r- 

4 - 

i- 

It 

si 


n 

u u 


II 

8 

g i 
8 7 
4 & 

1 M 

g 2 

S> £• 

2 a 

1 X 

& & 
■Q -3 

g g 

* J 

fH H 

\o" no" 

pH fH 

Is k 

8 8 

H W 

II «l 

VI u 
< < 
<4.i4 


u u 


01 

"a 

• m 

u 

M 

01 

X 

u 

’ll 

PC 
s—’ 

"3 

a 

u 


PM 

J 


rr» , 


5 u 

2 S 
| S 
a-8 
< « 



jS x ^ S 
< ’S pm g 


§3 3 3 

M » s 

uu u u 


CaHjaOj 3 fl,2O0-Diacetoxy-l6,17a-oxido-5-allopregB&ne 5-Allopregnao-3y5 l 17a l 20/3-triol 



11.2 


1,2-EPOXIDES 


671 


References —Table LXX 

‘H. Heusser, M. Fearer, K. Eicheuberger, and V. Prelog, Helv. Chim . Acta, 33, 
2243 (1950). 

a Ciba, S. A., Fr. Pat. 994,615 (November 20, 1951); Ciba Limited, Brit. Pat. 
665,254 (January 16, 1952); P. Planner, Ger. Pat. 834,848 (May 13, 1952); P. 
Planner, U. S. Pat. 2,599,481 (June 3, 1952). 
fixture of epimers. 

4 P, L. Julian, E. W. Meyer, and I. Ryden, J. Am, Chem . Soc., 71, 756 (1949). 
isolated as diacecate. 

*P. A. Planner, H. Heusser, and M. Feurer, Helv . Chim, Acta, 31, 2210 (1948). 
’Isolated after acid cleavage and acetylation as ketone diacetate. 

B P. L. Julian, E. W. Meyer, W a J. Karpel, and W. Cole, /. Am, Chem . Soc., 73, 
1982 (1951). 

B P. L. Julian, E. W. Meyer, and I. Ryden, ibid., 72, 367 (1950). 



Morolic acid, a tricerpenoid sapogenin, is postulated as olean-18-enolic 
acid (73,74). The methyl ester acetate of morolic acid is converted with 
perbenzoic acid to the corresponding oxide (LXXII). Reduction of LXXII 
with LAH in ether, followed by room temperature acetylation and chro¬ 
matographic separation, gives an unsaturated acetate, C u H M O a , m.p. 
220-222° and moradiol diacetate oxide, C M H i4 0 B , m.p. 254-256° (LXXIII). 
The unsaturated acetate has been formulated as norolean-l6,18-dienyl 
acetate (LXXIV), and its formation is interpreted by the mechanism shown 
in equation (9*5). Moradiol diacetate oxide (LXXIII) is reduced by LAH 
in ether and after acetylation, by heating with acetic anhydride and 
pyridine, and chromatography, furnishes two compounds. The major prod¬ 
uct is the dienyl acetate (LXXIV), while the second reduction product is 
obtained as the acetate Ci a O l0 O|, m.p. 248-250 °,which is unsaturated to 
tetranitromethane, gives no hydroxyl group in the infrared spectrum and 
shows an absorption band interpretive of ethereal oxygen and therefore is 
formulated as the 13(18)-ene-19,28-oxidoacetate (LXXV). The mechanism 
postulated for the formation of LXXIV and LXXV is shown in equation 
(9*5). This mechanism implies that an intermediate allylic alcohol is 
formed although the unstable nature of the intermediate has prevented its 
characterization (74). 
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LXXIV LXXV 


11,2.1 .f Alkaloid Epoxides , The LAH reduction of triacetyl-5,6-ox- 
idoveratramine, a steroidal alkaloid, yields the 5-hydroxy derivative, as 
mentioned in Section 11,2,1.d. 

The cinchona alkaloid quinamine was postulated by Goutarel, Janot, 
Prelog, and Taylor (75) as having structure LXXVI containing an epoxide 
ring. On reduction with LAH quinamine is converted into cinchonamine 
(LXXVII), the reduction supposedly proceeding through ring opening to 
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the alcohol which gives LXXV1I by splitting out water. Witkop (76) has 
proposed structure LXXVIII for quinamine and has shown that the opening 
of the ring and loss of water is analogous to the similar conversion of 11- 
hydroxytetrahydrocarbazolenine. Since structure LXXVIII no longer con¬ 
tains the 1,2-epoxide ring, discussion of the reactions of this and related 
compounds is given in Section 11.9.1, under heterocyclic oxygen compounds. 



R 

LXXVIII 


11.2.2 Reductions with Sodium Borohydride 

A very limited number of epoxides have been subjected to treatment 
with sodium borohydride. As mentioned in Section 11.2.1.d, the 90C P 1 la- 
oxide ring in the corresponding steroids is resistant to cleavage by the 
borohydride (67). The reduction of a 14,15/9-oxidosceroid, followed by 
chromic acid oxidation, has been reported to yield a product whose struc¬ 
ture has not been elucidated (52-55). 

11.3 ACETALS AND COMPOUNDS CONTAINING 
THE-OCO— GROUPING 

11.3.1 Reactions with Lithium Aluminum Hydride 
11.3.1.a Non-cleavage of the —OCO— Grouping* The non-reduction 

, I 

of the acetal and ketal groups with LAH (44,77) has been utilized for the 
protection of carbonyl groups during LAH reductions. These acetals 
have included open structures, as in acetal (LXXIX), as well as cyclic 
structures, as in the dioxolanes (LXXX). 
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R 
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\/ 0R 

A 

a OR 
LXXIX 


R 



R> 

Ref. 

CHj 

H 

—<CH,) 4 C00CH, 

78 

CH, 

H 

—(CHj)iCOOCHj 

78 

CjHi 

H 

CH,- 


77 

CjH, 

H 

—CHCOOCjH, 

1 

79 



1 

CH, 



C,H, 

H 

-CHCOOCjHs 

| 

79 



CjHi 


CjH, 

H 

—CHjCH a CH(COOC|H| ), 

77 

CjH, 

CH. 

-COOCjH. 

79 

CjHi 

CH. 

-CHjCHjCOOCjH. 

79 

CiH» 

CH. 

—CghUCOOCjH, (p) 

BO 

C«H» 

H 

—COCH, 

81 



50 

S’ 

v o 

i 

_ 





A 





R, 0—CH a 



LXXX 

Ref. 


ChH u 0 4 2-Merhyl-2-carbethozycyclopentanone ethylene ketal B2 

CuHuO* Dicarbethoxyscetone ethylene ketal 83 

CuH aa 04 a^l.l-Diinethylpropen^-y^acetoacetic ester 84 

ethylene ketal 

CuH^Oj Dihydro-ct-ionone ethylene ketal 39 

C u HagO t 3,4-EpozytetrshydroOMonone 39 

CirHjiBrOf Methyl ester of 3”bromo-7 l 8-dimethoz^2-cetralone-l- 83 

scecic acid ethylene ketal 

Ci,H u BrNO a 5-Bromo»7 9 8-dimetboxy-2<etralone-MN- 83 

methylacetamide) ethylene ketal 
CiaH|*BrNOg 5-Bromc^7,8-dimethozy-2-tetralone-l-(N l N- 

dimethylacetamide) ethylene ketal 


An Interesting application of this protective action has been reported 
in the case of Ol-(lf l-dimethylpropen^-yOacetoacetic eater (LXXXI) (84). 
The keto ester is convened to the ethylene ketal ester followed by reduc¬ 
tion to the ketal alcohol and hydrolysis to the keto alcohol. 
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HfC-CH, 

° °v P 

11 \ / I <u 

CH(CCHCOOCjHf -♦ CH,—C—CHCOOC.H, 

I I 

R R 

LXXXI 

H a C-CH, 

I I o 

°\ /° II 

CH,—C—CHCH a OH —* CH,CCHCH,OH 


(11-50) 


R 

CH, 

R--CCH =CH, 

CH, 


R 


The ketone group in various steroids has been protected by formation 
of the ethylene ketal prior to reduction with LAH. The following steroid 
ketals have been subjected to reduction with LAH with retention of the 
ketal grouping: allopregnan-3/9-ol-ll ,20-dione 20-ethylene ketal 3*acetate 
(86), pregnan- 30 t-ol-ll, 20 -dione 20-ethylene ketal 3-acetate (87), 5- 
pregnene-17a,21-diol-3,ll,20-trione 3,20-diethylene ketal (88), 16,17- 
ozido-5-pregnen-3/9-ol-20-one 20-ethylene ketal 3-acetate (89). 

Hemithioketals are also resistant to attack by LAH. 

Benzylidene (LXXXII) and isopropylidene (LXXXIII) derivatives have 
been utilized for the blocking of 1,3- and 1,2-glycols, respectively, in 
LAH reductions. 



:—o CH, 

LXXXIII 


The following compounds containing these and analogous groups have 
been subjected to LAH reduction: 
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Ref. 

CgHi a O| l,2-Isopropylidene-D-glucuronolactone-6-C 14 90 

C 9 H 14 O 4 3 p 4-lBopropylideQe-l,2 p 5,6-dianhydroninnnitol 91 

4 t 5 -Iaopropylidene- 1 , 2 P 3, 6 -dianhydromannitol 29 

C|oHt 4 NaOio 4,6-Etbylidene-^methyl-D-glucoside 2 p 3“dinitrate 92 

CioHt^Oi Acetone quinide 93 

CtoHuNjO* 4,6-Propylidene-a-methyl-D-glucoside 2,3- 92,94 

d ini trace 

CiiH it N0 4 Acetone homoquinonitrile 93 

CiiH u O$ 3,4-Isopropylidene-ownethyl-2-deoxy-D- 95 

gal act urono aide methyl ester 

Cu^iA Acetyl acetonequinide 93 

CiiHjqOi Diacetonemannose 96 

CmHmOj 4,6-Benzylidene-2,3-anhydro-oirtnethyl-D- 44 

allopyranoaide 

4.6- Benzylidene-2,3-anhydro-o^methyl-D- 44 

mannopyranoaide 

4.6- Benzylidene-2,3-anhydrt^a-methyI-D- 45 

guloside <1,5 > 

C| B H M O t S Diacecone-3-p-tosyl-D-glucoside <1,4 > 97 

Diacetone- 6 -p-cosyl-D-galaccose < 1,5 > 97 

Diacetone-l-p-tosyl-D-fruccoside <2,6 > 97 

CuHjtOiS 4,6-Benzylidene-2-p-tosyl-apmechyl-D-altroside- 90 

3 -methyl ether 

C^HmOb Pregnane-3 oc, 17 ol, 20 /9,2 1 -te trol- 11 -one 20 , 21 - 99 

acetonide 


The reduction by LAH of pyranosides (LXXXIV) results in the reten- 

I 

tion of the -OCO- grouping. 


CaHioOa 

Q>H 14 N 2 O w 

CtHtfOj 
CioHiaN ]Ofo 
CioHuO, 
CuH|rf) t 

CnHapO, 


GiaHuOi 



2.3- Anhydro-^-methyl-D-riboaide 40 

4 f 6*Ethylidene->0-fnethyl-D-glucoaide 2,3-dinicrate 92 

4-Mechyl-cXFmethyl-D-glacurofioaide methyl eater 96,100,101 

4.6- Propylidene-OMnethyl-D-glucoaide 2,3-dinltrate 92,94 

3.4- Dimethyl-methyl-D-glucuxonoside methyl eater 102 

3 ,4-Iaopr opy lide ne- ou-me thy 1-2-de oxy-D- 9 5 

galacturonoaide methyl eater 

2 f 3»4-Trimethyl-apmethyl-D-glticuronoside methyl 96,102 

eater 

2,3 p 4-Triniethyl-merhyl-D-galicruronoaide methyl 96 

eater 

4 9 ^Benzylidene*2,3~anhydro»apmethyl-D- 45 

guloaide <1,5 > 

4.6- B enzy lidene-2,3-an hydro- OpD-allopyranoa ide 44 

4 v 6-Benzylidene-2,3-anhydro-a-D-mannopyranoaide 44 
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CjiH^OjS] 

CajHjfO § S 


C B Hj40iaSi 


2,3-Anhydn>-4,6-ditosyl-0(rmethyl-D-alloside 
4 p 6-Benzylidene-2-toayl-o(^methyl-D-mltroside-3- 
mechyl ether 

2,4,6-TriroByl-£-methyl-D-idoside-3-methyl ether 


46,47 

98 

103 


Pyranose and furanose derivatives containing the partial structure 
LXXXV are not attacked by LAH. 


• C O, 


—c—o 


\ 

/ 


,C(CH,) a O 


LXXXV 




Ref. 

C,H la O, 

1,2-1 s opr opy lidene-D -glue uronolac tone-6-C 14 

90 

CigH„0,S 

Diace(one-3-p-tosyl-D-glucoside< 1,4> 

97 


Diacetone-6-p-tosyl-D-galaccoside < 1,5 > 

97 


The -O—C—O C—O— structure, as in LXXXV, has been 

I I 

subjected to LAH reduction in the form of 3,4-epoxy-2 I 5-dimethoxytetra- 
hydrofuran, the cyclic acetal of epoxy sue cin aldehyde (LXXXVI) (38). 


A 

HC-CH 

I I 

/\ A 

CH.O O OCH, 
LXXXVI 


LAH 


H,C- 


-CHOH 


CHaO O OCH, 


(11-51) 


The -OCO- grouping in various di saccharides including aldo- 

biuronic acids is not attacked by LAH: 6/3-(2,3|4-trimethyl-D-glucopyr- 
uronosyl)-2,3,4-trimethyI-a- and/d-methyl-D-galactopyranosidemethyl ester 
(96,104), 2-methyl-3-(2,3 p 4-trimethyl-a-D-glucuronoside-D-rylose (103), 
3,4-dimethyl-2-(2 v 3,4 y 6-tetramethyl-D-glucosyl)methyl xyioside methyl es¬ 
ter (106). 

Compounds containing the methylenedioxy group can be considered as 
cyclic acetals of formaldehyde and similarly are not attacked by LAH. 

Ref. 

*-»HiOa Piperoaal 107 

C,HeBrN0 4 3,4-Methylenedioxy-3-bromo-^-aitro5cyreae 108 

CgH T N0 4 3,4-Methylenedioxy/3-nitrostyrene 108,109 
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CioHtNOa 3-Meihozy*4,5-fnethylenedioxy.£«fiitroBtyrene 110 

Ci|H«N0 4 Methyl 2«cyaoo-M3»4-methylenedioxyphenyl)acrylate 111 

C&aHi a 0 4 Ethyl 3 v 4*methylenedioxycinQiinate 112 

CisH u NOi N-Formyl-&K3,4-methylenedloxyphenyl)-f-butyUinine 113 

C u H u NOs N-Formyl-N-(3-inethoxybenzyl)-3-niechoxy^4 i 5- 110 

mcthylenedioxyphenylethylamine 

CbHuOc (—) -Hiaokiain 114 

C»H u NOaS Berberine sulfate 113 

CjiHnNOi /-y5-Hydrm seine 116 

C^HjjNOg Cryptopine 117 

^a3H M 0 T Desoxypieropodophyllin 118 

^uHaa^a Podophyllotoxin 118 

Picropodophyllin 118 

CaaHajNO v /-o-Naieotine 116,119 

/-/3-Narcotine 116 


The reaction of 2,3-dihydropyran with steroidal alcohols results in the 
formation of tetrahydropyranyl ethers such as LXXXVII. Reduction of 

LXXXVn with LAH leaves the —OCO- grouping intact and, on acid 

hydrolysis, the latter is cleaved to the alcohol (120,121). 



LXXXVII 

OH 



(11-52) 
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An interesting application of the protective action of the cetrahydro- 
pyranyl ether has been reported by Goering and Serres (122). Reduction 
of the monotosylate of cfs-3-hydroxymethylcyclohexanol (LXXXVIH) with 
LAH yields the endomethyleneoxy compound instead of the expected 
methylcyclohexanol. Conversion of the monotosylate to the tetrahydro- 
pyranyl ether (LXXXIX) followed by LAH reduction yields XC which is 
converted to the methylcyclohexanol by acid hydrolysis. 



—CH a 


LAH 



(11-53) 



LAH 



(11-54) 


XC 


The trans isomer of LXXXIX has been similarly subjected to LAH 
reduction. 

Reduction of 7 f 2'-tetrahydropyranyloxyoct-5-en-3-yn-2-ol (XCI) with 
LAH yields 7 l 2'-tetrahydropyranyloxyocta-3,5-dien-2-ol (123). 


n f 1 * • 

—O—CHCH =CHC m CCHOH 
XCI 



(11-55) 


Cyclohexanone cyanohydrin has been converted to the cetrahydropyranyl 
ether which on treatment with the methyl, ethyl or phenyl Grignard rea¬ 
gents yields the corresponding ketimine (XCII). With excess LAH the 
latter is reduced to the corresponding amino ether which is hydrolyzed to 
the amino alcohol (124). 
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Ref. 


CafHnOj 22-IsoBpirosta-4,6-dien-3-one 127 

22-Isospirosta-7 v 9( 1 l)-dien-3-one 128 

CaiHaoOi 22-Isospirost-B(9)-eii-3-one 129 

C aT H4o0 4 22-lBoallospirostane-3,l 1-dione 67 

22-Isoalloapirost-9(l D-en-3 /9-ol-12-one 66 

2a,3tt-Oxido-22-isospiroBtan-12-one 130 

22-lBOillospirostane-3 v 12-diofte (hecogenone) 130 

CayH^Oi 22-Iaoapiroatan-3-one 129 

2oL,3oipOxido-22*isoallospiroBtane 131 

2/3,3/3-Oxidc^22-i5oallospirOBtane 131 

Ca T H 4a 04 9a p llarOxido-22-isoalloBpirostan-3/fl-oI 66 

22-Isoallospirostan-3/3-ol-12-one (hecogenin) 132,133 

C a7 H 4a 0 8 22-Isoailospiroscan-3/3,12/3-diol-l 1-one 66 

CagH 4a O| 22-Is08pirost-5-en-3/3-ol-7-one acetate 134 

C»H 4a 0 4 9ot l lloo-Oxido-22-isoallospirostan-3/G-ol-7-one acetate 67 


If the LAH reduction of the spirostane is carried out in the presence of 
anhydrous hydrogen chloride cleavage occurs at carbon 22 and opens the 
22,26-oxido ring (135). 



Thus, reduction of 22-isospirost-5-en-3j8-ol (diosgenin) (XCV) under 
these conditions yields 5“furostene-3j3|26-diol (XCVI). Reduction of 22- 
isoallospiroscan-3i3-ol(tigogenin) and spirostan-(sarsasapogenin) 
similarly results in cleavage of ring F in the presence of hydrogen chlo¬ 
ride gas. 

The cleavage of the —NCO— linkage in the presence of LAH is ex¬ 
plained 'by the coordination of the available electron pair on nitrogen with 
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aluminum hydride in the aluminum hydride etherate. The formation of a 
quasi ring is followed by a displacement by the hydride ion resulting in 
cleavage of the carbon-oxygen bond (Section 12.17) (136). In the case of 

the -OCO- grouping there is no reason to believe that the electron 

I 

pair on oxygen should displace the electron pair on oxygen in the weakly 
acidic aluminum hydride monoetherate. The fact that cleavage of the 
spirostanes can be induced by carrying out the LAH reduction in the 
presence of hydrogen chloride supports this view. 

I 

11.3.1.b Cleavage of the —OCO— Grouping . The LAH reduction of 

secondary-tertiary epoxides generally yields the tertiary alcohol, as dis¬ 
cussed in Section 11.2.1.b. 



xcvn 


The reduction of l-acecoxy-l v 2-epoxycyclohexane (XCVIII), based on this 

I 

general behavior and on the non-reduction of the -OCO- grouping in 

the presence of LAH, should yield 1,1-cyclohexanediol. The latter would 
be converted to cyclohexanone which, on LAH reduction, gives cyclo- 
hexanol. However, LAH reduction of XCVIII actually yields 1,2-cyclo- 
hexanediol (75% cis, 25% irons) (11,35,36). 



(11-60) 


This apparent discrepancy with the non-cleavage of the—OCO—group¬ 
ing is due to the presence of the reducible ester group. Reduction of 
the ester group yields XCIX which would be cleaved as follows (136): 


C^-C^CC-CC 


(11-61) 


XCVIII 


XCIX 
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The cleavage of the —OCO— grouping in 2-isopropyl-5*niethyl-l 1 3- 

dioxoIan-4-one (C) is also attributable to the presence of a reducible 
group (137). 


H.CH—C=0 
| 1 

CH.CH—CH,OM 


O 0 

N d( — 

CH 


A 

CH, CH, 

A 

|_CH, CH, _ 


C 

J 

CH,CH—CH.OaT 

CH,CH CH,OH 


1 g 

o e 

OH 


+ 

(11-62) 


CH,\ M 

/CHC^ 

ch/ v o 

CH.\ 

Vhch.oh 

2H *° ch/ 


The LAH reduction of D-galactofuranose pentaacetate (Cl) yields galac- 
titol as a result of cleavage due to the presence of the contiguous ester 
group (138). 


CH.COOCH 

HCOCOCH, 

j ’ LAH 

CH.COOCH 

-CH 

HCOCOCH, 

I 

CH.OCOCH, 

a 


CH.OH 

I 

HCOH 

I 

HOCH 

I 

HOCH 

I 

HCOH 

I 

CHjOH 


(11-63) 


As mentioned in Sections 7.1.1.b (equation 7*5) and 9.1.1>b.8 (equa* 
tion 9-44), the LAH reduction of 4-formylphenanthrene-5-carboxylic acid 
esters (QI) as well as the pseudo esters (CIII) yields the same diol (CIV) 
in excellent yield (139,140). 
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an di-64) 


The conversion of CIII to QV appears to be another exception to the non- 

I 

cleavage of the —OCO—* grouping. In this case it is possible that 

under the influence of LAH the pseudo ester is converted to the normal 
ester before reduction occurs. In this connection it is of interest that 
under the influence of aluminum isopropoxide, which might be expected 
in this respect to behave in a manner similar to that of LAH, the pseudo 
ester is converted to the lactone of 4-(hydroxymethyl)-5-phenanthrene- 
carboxylic acid (139). It has been shown that in the case of substituted 
2-benzoylbenzoic acids, which also form pseudo as well as normal esters, 
a keto acid-hydroxylacetone equilibrium exists (141). 

The reaction may be analogous to that indicated in the reduction of C. 
Reduction of the lactone grouping yields CV which would then undergo 
the indicated shifts to yield the carbonyl derivative. The latter would be 
converted to the diol with LAH. 
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The reaction of the trimer of phenylpropargyl aldehyde, 2 P 4,6-Ins- 
(phenylethinyl)crioxane (CVI) with LAH P followed by decomposition of the 
intermediate complex with dilute sulfuric acid, yields a small quantity of 
cinnamyl alcohol, identified as the 3,5-dinitrobenzoate (142). 



Ill 

c 


C*H,C 



c A A Ci 

H O H 


■CCgHi 


1, LAH 

■ - -» 

2. H2SO4 


C i H l CH=CHCH a OH 


CVI 


( 11 - 66 ) 


Cleavage of the trioxane nucleus with the acid used in the decomposition 
of the complex would yield the aldehyde. The isolation of some cinnamyl 
alcohol may be indicative of the action of LAH as an acid yielding the 
aldehyde in the course of the reaction, followed by normal reduction. 

The reported LAH reductions of ozonides, as discussed in Section 
11>8, introduce structural features which enable these reactions to fit 
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within the scope of the generalization. Thus, the reduction of the ozonide 
(CVII) is reported to yield a mixture of products, according to equation 
(11-67)(143). 



cvm 


The initial reaction probably involves cleavage of the peroxide linkage. 
The isolation of CV1II among the reaction products indicates chat the re¬ 
sultant orchoester structure would be cleaved at the oxygen bridge oc¬ 
cupying the site of the original double bond. The cleavage of orchoesters 
to acetals is discussed in Section 11.4.1. The order of occurrence of 
these cleavages may be reversed without impairing the reasoning. The 
resultant derivatives of CVIII would react normally with LAH to yield 
the glycol. 



CH,OH 
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The LAH reduction of ozonide CIX followed by hydrolysis and chromic 
acid oxidation is reported to yield the dikecone CX (144)* 




The cleavage of the peroxide linkage would result in the formation of CXI 
which would be cleaved as shown. 


O® OH OH 

^c-£*o——»^)c=o + e o— 

CXI 


(11-70) 


The resultant carboxylic acid derivative would be reduced to the carbinol 
and chromic acid oxidation would yield the carbonyl function. 

The reductive cleavage of the stable ozonide of 2-phenyl skat ole (CXII) 
is reported to yield o-benzylaminophenylmethylcarbinol (143). 



The cleavage of the peroxide linkage and the cleavage of both —NCO— 

linkages, as discussed in Section 12.17, result in the formation of a 
carboxylic acid derivative whose normal LAH reduction yields the in¬ 
dicated product. 

The LAH reduction of the ergot alkaloids of the ergotamine and ergo- 
toxin types (CXIII) yields three kinds of reduction products (146). 
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U.3 



LAH 


\ R. 

H,C-CH 

\l 1 

CH 

| 

\ 1 1 

C CH. 

H < ’f 

RCHjNHCH 

1 

CH,— 

~\r 



R a 


V 

I 

RCH,NHCH 

CHjOH 


+ 


HjC-CH, 

\l I 
A A* 

H,C N 



(11-72) 


l 

The cleavage of the —OCO— linkage in CXIII is related to the deav- 

, t II I 

age of the —NCO — group in the partial structure CXIV (Section 12.17). 



CXIV 
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11.3.2 Reaction with Sodloa Borohydride 

I 

The —OCO— linkage is also resiscanc to attack by sodium boro- 

I 

hydride. The following compounds have been subjected to such attack 
with retention of these structural features: 


Ref. 


C 1 H 14 O 7 Methyl (mechyl-a-D-glucopyranosid)uroiiate 147 

Methyl (methyl-a-D-gaUctopyraiioaid)uroaace 147 

monohydrace 

Methyl (meEhyl-/3-D-galactopyranoaid)uronate 147 

C v Hi a O # l,2-Isopropylidene-D-glucuronolactone-6-C 14 140 

CisHmO u 2-Mechyl-3-(2 l 3 l 4-trimethyl-D-glucuronosido)-D-iylo8e 149 

C^jHjoOs 2/? f 4b-Dimethyl-2-methallyl-l-carboaymethylene-7- 150 

echylenediozy-l f 2 9 3 l 4 l 4ma f 4b v 5 l 6 l 7,B f 10 t 10 a/J- 
dodecahydrophenanchren- 4 -one 

CjaH J 1 NO 4 3 f 3-Dimethoxy-20-cyano-17-pregnen-21-ol-ll-one 151 

C 2 BH ja 04 Ethylene acetal of methyl A 4 -3-ketc^bisnorcholenace 152 

C ag H JB 0 4 3-Acetoxy-22-isospirosta-3,5 l 7 l 9(ll)*cerraene 153 

Cj 9 H 4 o 04 3-Acetoxy*22-isospirosca-3 l 5 l 7-criene 153 

CjoH^Og 9oc,l la-Oxido-22-isoa 11 ospirostan- 3 /5-ol-7-one acetate 67 

Gofruside 154 

C w H 4 a O|o Convallatoxin 155 

CjoH^Oio Desgluco-hellebrin 155 


11.3.3 Heaciloss with Potassium Borohydride 

I 

The —OCO— grouping in hecogenin, C JT H 4J 0 4l and manogenin, 

C a7 H 41 0,, is reponedly nor attacked on treatment with potassium boro 
hydride (156). 

11.3.4 Reaction with Lithium Borohydride 

The acetal grouping in 3,3*dimethoxy- (151) and 3,3-diethory-20-cyano- 
17-pregnen-21*oI*ll-one (157) is not attacked by the borohydride. 

11.3.5 Reactions with Alamlnnm Borohydride 

Treatment of methylal (CXV) with aluminum borohydride yields dimethyl 
ether and diborane t contrary to the behavior with LAH and the other 
borohydrides (158). 


CH 





CH.OCH, + B|H» 


(11-73) 


CXV 
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11.4 ORTHOESTERS 

11.4.1 Redactions with Lithium Aluminum Hydride 

The reduction of orthoesters with LAH proceeds to yield the corre¬ 
sponding acetals in good yield (139)- Thus, ethyl orthoformate (CXVI), 
orthoacetate and onhovalerate are reduced to the acetals by the addition 
of one-quarter molar equivalent of LAH to a refluxing solution of the 
orthoester in benzene. 

I ill 

HC(OCjH,), H,C(OC l H,) 1 (11-74) 

CXVI 

This reaction has been utilized in the conversion of nitriles to alde¬ 
hydes. Thus, j9-methylmercaptopropionitrile (CXVII) is converted through 
the intermediate imidoester to methyl or ethyl ortho /3-mechylmercaptopro- 
pionate. The ortho esters are reduced with LAH to the dimethyl and 
diethyl acetals, respectively, and the latter are readily hydrolyzed to 0- 
methylmercaptopropionaldehyde (CXVIII). 

'CH jSCHjCH a CN ■* 

CXVII 

OCjH s 

CH |SCH a CH a C =NH ,C1 

I 

CH 1 SCH a CH a C(OC a H I ) I 

|“ H 

CHjSCH^HjCHCOCjH,), 

CH»SCH a CH a CHO 

CXVIII (11-75) 

11.4.2 Reactions with Alnmtaum Borohydride 

In contrast to the behavior of LAH, reduction of ethyl orthoformate 
(CXVI) with aluminum borohydride yields a mixture of ethyl methyl ether, 
diborane and compounds of the type AKOR^BH^., (158). 

11.5 ENOLS AND ENOL ETHERS 
11.5.1 Reactions of Enots with Lithlnm Alnminam Hydride 

Enolates are generally resistant to attack by LAH. As discussed in 
Section 9.1.1.b.3, the reduction of enolizable compounds generally P r0 " 


‘OCHj 

CH,SCH a CH a C=NH a Cl 

i 

CH I SCH a CH a C(OCH 1 ) J 

CH a SCH a CH a CH(OCH,) a 
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ceeds to give low yields of the reduction product due to the intermediate 
formation of a lithium aluminum enolate which, upon hydrolysis regener¬ 
ates the original functional group. Buchta and Bayer (160) have observed 
that in the LAH reduction of various 0-ketoesters possessing the partial 
structure CXIX P as the size of R increases the yield of reduction product 
increases. 


O R O 

II I II 

—C — CH—C—OCjH, 

CXIX 


This may be due to the hindrance to enolization with the increasing bulk 
of R. 

Dreiding and Hartman reported chat LAH treatment of the sodium enolate 
of 2-methylcyclohexanone results in an almost quantitative recovery of 2- 
methylcyclohexanone. However, the sodium enolate of 2-carboraethoxy- 
cyclopentanone (CXX) gives a 50% yield of a mixture of 1-cyclopen ten e- 
methanol and 2-methylenecyclopentanol (161). 



OCH, 
C—O 


O e Na® 


LAH 


^^CH a OH ^^CH a 

X)H 


(11-76) 


CXX 


This demonstrates that enolates of some /3-dicarbonyl compounds are at¬ 
tacked by LAH. 

The reduction of 2-carbethoxycyclohexanone (CXXI) and 2-hydroxy- 
mechylenecyclohexanone (CXXII), followed by hydrolysis with an aqueous 
solution of Rochelle salt, yields a mixture of 2-methylenecyclohexanol, 
1-cyclohexenemethanol and 2-hydroxymethylcyclohexanol in a 5:2:1 ratio. 






692 REDUCTION OF COMPOUNDS CONTAINING ETHER LINKAGES 11.3 


Analogously, the reduction of 2-carbomethoxycyclopentanone (CXXI1I) 
and 2-hydroxymethylenecyclopentanone (CXXIV) yields 2-methylene- 
cydopentanol, l-cyclopentenemethanol and 2-hydroxymethylcyclopentanol. 



COOCH, 


O 

cxxm 



CHOH 


LAH 


CXXIV 


LAH 


yy ch ' 

^OH ^OH 


CH,OH 


(11-78) 


The postulated course of these reaccioas v as discussed in Section 
7 a 2.1.g.9» equation (7-6l) f involves the reduction of enolate salts. The 
inverse addition of one-half mole of LAH to CXXII gives 1-cyclohexene- 
carboxaldehyde and a large quantity of viscous residue. 



(11-79) 


Vonderwahl and Schinz have reported that the LAH reduction of l t 1,5,5- 
tetramethyl-4-hydroxymethylcyclohexan-3-one i(CXXV) gives a 49% yield 
of a mixture of 67% of 5,5-dimethyldihydroapocyclolavandulal (CXXVI) 
and 33 7i of 0C-5,5~dimethylapocyclolavandulal (CXXVII) accompanied by 
the glycol CXXVm (162). 




CXXVI CXXVU CXXVIII 

( 11 - 80 ) 


Petuely and Bauer reported that /-ascorbic acid (CXXIX), isoascorbic 
add (CXXX), reductic acid (CXXXI), glucoreductone (CXXXII) and the 
dimethyl ester of a,(X-dihydroxymuconic acid (CXXXIII) are not reduced 
by LAH (163). 
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HOCH 
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HCOH 
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CHjOH 
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H,C 


-COH 


V 

Hj 


COH 


CXXXI 



COOCH, 
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II 

u- 

X 
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II 

HCOH 

1 

CH 

II 


II 

COH 

| 


COOCH, 

CXXXII 

CXXXIII 


Treatment of 3,7-diketocholestene (CXXXIV), which exists mainly in a 
monoenol form, with LAH in refluxing ether for three hours is reported to 
yield a non-ketonic gum p whereas treatment with LAH in tetrahydrofuran 
at 20° for four hours yields a ketonic gum (164). 



The LAH reduction of ethylketene dimer (CXXXV) yields the jS-keto- 
carbinol, CXXXVI, through the intermediate enol (165). 

C J H ( CH=C—CHCjH, LAH C a H,CH=C—CHC^H 

6 —C=0 OH CH.OH J 

CXXXV j 

C a H l CH a C—CHCjH, (11-81) 

O CH*OH 
CXXXVI 


Similarly, LAH reduction of («»cyclohexylalkyl)ketene dimers (CXXXVII) 
yields the /3-ketocarbinols (CXXXVin) (166). 
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LAH 


a 


(CH,) n CH=C—CH( CH,), 
OH CH,OH 




(CHj) n OT,C—CH(CHj), 

II I 

O CHjOH 



(11-82) 


CXXXVIII 

While CXXXVI is readily reduced co the 1,3-dioI, CXXXVIII is not further 
reduced with LAH. 

While the LAH reduction of (X-angelica lactone (CXXXIX) yields the OU 
ketocarbinol through die intermediate enol (167), 


ZH = 

ZH,— 



CH, 

O 


LAH 

65% 


CH=C—CH, 
OH 

CH a CH,OH 


CH,CCH, 

O (11-83) 
CH a CH,OH 


CXXXIX 


the reduction of 3 phenylisocoumarin (CXL) yields l*phenyI-2-(o-hydroxy- 
methylphenyl)ethanol due to the concurrent reduction of the double bond 


( 168 ). 



Reduction of tropolone (CXLI) with LAH in ether has been reported 
(169,170) to yield a primary product which rapidly resinifies when the re* 
action mixture is hydrolyzed. Distillation of the resulting tat gi* e8 a 
large amount of resin and a small yield of a liquid which readily yields a 
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bis-2,4-»dinittophenylhydrazone. The reduction product is postulated as 
cyclohept-4-ene-l p 2-dione (CXLII) produced by l p 4- or 1,6-addition of 
LAH to the dienone system of the initial lithium derivative. Hydrolysis 
of the resulting dienolate yields the dione by ketonization. 



CXLI 




11.5.2 Reactions of Enol Ethers with Llthlnm Alaminsm Hydride 

Frank and Hall (171) have reported that the Oethyl derivative of ethyl 
acetoacetate (CXLIII) and the O-methyl derivative of dibenzoylmethane 
(CXLIV) are resistant to attack with LAH. 


OC a H a 


OCHj 


CH l C=CHCOOC 2 H I 

CXLIII 


C fl H I C=CHCOC e H i 

CXLIV 


Karrer and Ruttner reported that the LAH reduction of the O-methyl ether 
of the enol form of acetoacetic ester (CXLV) yields butan-3-on-l-ol 
(CXLVI) (7). 

OCH, OH O 

I LAH I II 

CH a C=CHCOOC a H I * CH,C=CHCH a OH —► CH a CCH a CH a OH 

CXLV CXLVI (11-86) 

The reduction of ethyl ethoxyrnethylenemalonate (CXLVII) is reported to 
yield 5% of ethyl methylenemalonate (171). 

C J H 1 OCH=C(COOC a H,) a CH a =C(COOC a H i ) a (11-87) 

CXLVII 

Frank and Hall reported that the inverse addition of one-quarter mole of 
LAH to an ethereal solution of 3-ethoxy-5-isopropyl-2-cycIohexenone 
(CXLVni), followed by acidification with dilute sulfuric acid, gives 5- 
isopropyl-2-cyclohexenone (CXLIX). 


C.H.0 



CH(CH|) a 

CXLVIII 


CH(CH s )j 

CXLIX 


( 11 - 88 ) 
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By the same procedure 3-ethoxy-5,5-dimethyl-2-cycIohexenone (CL) is 
convened to 5,5-dimethyl-2-cyclohexenone i n 48 % yield. Treatment of 
3*chloro*5,5-dimechyl-2-eyclohexenone (CLI) with LAH in ether results in 
recovery of the starting material (171). 




Blanchard and Goering reported that the conversion of the enol ether of 
a jS-diketone, as in equation (11*88), does not require inverse addition or 
excess ketone (172). Reduction of the enol ether of 5-methyl- 1,3-cyclo- 
hexanedione, >ethoxy-5-methyl-2-cyclohexenone (CLII), by the inverse 
technique gives 69% of 5-methyI-2-cyclohexenone (CLIII) and by the 
normal procedure gives 92% of CLIIL Decomposition of the metal al- 
coholate by alkali instead of acid gives 49% of CLIII. The reduction is 
postulated as proceeding through the intermediate hydroxy enol fether 
which is convened to the hydroxy ketone by hydrolysis followed by 
dehydration. 



CLIII 


The reduction of cis-5-ethoxy*8-methylhydrind-5-en-7-one (CLIV) is 
similarly postulated as proceeding through the hydroxy ketone to give the 
ene-one in 89% yield (173). 



CLIV 


(11-90) 
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CH.0 



CLXI CLXII (11-93) 


Reduction of cis-l,4-diketo-l,4,5,8,9,10-hexahydro-2-methoxy-10-methyl- 
naphthalene (CLXIII) similarly yields the 1,4-diol which is hydrolyzed to 
the cts-bicyclic ketol (175). The reduction of franj-CLXIII yields the 
1,4-diol (175,176), accompanied by a by-product, CLXIV (175). 



(11-94) 


The by-product CLXIV is postulated as arising through successive 1,4- 
reduction, ketonization, elimination and reduction: 


CLXIII 



The LAH reduction of l,4-diketo-l,2,3,4,5,8,9,10-octahydro-6-ethoxy-5* 
methylnaphthalene (CLXV) leaves the enol ether intact (177). 



(11-96) 


CLXV 
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Seifert and Schinz (178) reported that che LAH reduction of the isobutyl 
ether of 2-hydroxymethylenecyclohexanone (CLXVI) in refluxing ether, 
followed by the dropwise addition of concentrated sulfuric acid below 
5°, gives 1-cyclohexenecarboxaldehyde (CLXVTI). 


CC 

CLXVI 


LAH 


a 0H 


H*S 04 



CLXVII 


(11-97) 


The reduction and hydrolysis sequence applied to the following ethers 
of hydroxymethylenic ketones similarly yields the corresponding (X,/8- 
unsaturated aldehyde: isobutyl ether of 2-hydroxymethylenecyclopentanone, 
isobutyl ether of 3 f 3-dimethyl-6-hydroxymethylenecyclohexanone, isobutyl 
ether of 6-methyl-2-hydroxymethylenecyclohexanone, methyl ether of 6 f 6- 
dimethyl- 2-hydro xymethylenecyclohexanone. 

Vonderwahl and Schinz (162) found that the LAH reduction of the iso¬ 
butyl ether of l v l f 5,5-tetramethyl-4-hydroxymethylenecyclohexan-3-one 
(CLXVIII), under the conditions utilized by Seifert and Schinz, in re¬ 
fluxing ether, followed by a treatment with cold sulfuric acid gives a mix¬ 
ture of saturated and unsaturated aldehydes in which the saturated alde¬ 
hyde (CLXIX) is the dominant product. 



The LAH reduction of the isobutyl ether of 1, l.S-trimethyl-d-hydroxy- 
raethylenecycIohexan-S-one in refluxing ether, followed by hydrolysis, 
similarly gives the saturated aldehyde, 5-methyl dihydroapocyclolavandulal, 
and the Ot-form of the unsaturated aldehyde. The reduction of CLXVm 
with LAH at —15°, followed by a cold acid hydrolysis, gives a 52% yield 
of a mixture of aldehydes containing 20% of the saturated aldehyde 
CLXIX and 55% of the Ot-form and 25% of the /8-form of che unsaturated 
aldehyde. Thus, the presence of one or more substituents on the carbon 
atom beta to the carbonyl group yields a mixture of saturated and un- 
saturated aldehydes whereas the /8-unsubstituted ketone yields only the 
un saturated aldehyde. 

Whereas the LAH reduction of a mixture of the isomers of ethyl /8- 
phenoxycinnamate yields /3-phenoxycinnamyl alcohol, the LAH reduction 
of methyl jS-(2-niethoxy-4-propylphenoxy)-3,4»dimethoxycinnamate (CLXX) 
yields the corresponding alcohol accompanied by the cleavage products 
dimethoxycinnamyl alcohol and dihydroeugenol (179). 
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Although an ether saponification reaction may have occurred, in this case 
it seems more likely that the cleavage products arise as a result of a 
hydrogenolysis reaction due to the presence of the methoxy group in the 
ortho position on the benzene ring, as discussed in Section 16.1. 

Methylation of Ot-cy anode soxy benzoin (CLXX1) in alkaline medium 
yields a mixture of the ci s- and tran s-isomers of (X p /3-diphenyl-/3-methoxy- 
acrylonitrile (CLXXII), m.p. 106° and 84°. Reduction of CLXXII with 
one-half mole of LAH yields l-cyano-l,2-diphenylethane (CLXXffl) (180). 


CaHgCH—CCgHg C # H I C=CC # H 1 CgH.CHCHgCgHg 

CN 6 CN OCH, CN 

CLXX3 CLXXII CLXXIII (11-100) 


The formation of the enol ether of a A 4 -3-ketosteroid has been utilized 
for the protection of the unsaturated carbonyl group in the course of LAH 
reductions of other functional groups. Thus, treatment of a A 4 -3-keto- 
steroid with ethyl orthoformate in acidic ethanol yields the 3-ethoxy-3,5- 
diene (CLXXIV) which is resistant to attack by LAH. Hydrolysis with 
acidic methanol yields the A 4 »3~ketosteroid. 
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The following A 4 -3-ketosteroids have been converted to the indicated 3* 
alkozy-3, 5-diene, treated with LAH and hydrolyzed to the A 4 -3-ketosteroid: 


A 4 -3-Ke costeroid 

3-Enol ether 

Ref. 

Androsta-4,1 l-dien-3,17-dione 

C a |HjiO| ethyl 

161 

4-Androsten-3,17-dione 

CaiHuOt ethyl 

152,182-185 

Mechyl pregna-4, 17-dien-3-ooe-21-osce 

C^HmOi ethyl 

152,185 

Methyl 4-pregnei*-17)8-ol-3-one-21-oate 

Ca*H M 0 4 ethyl 

152,185 

l6,17-Oxido-4-pregnene-21-acetoxy-3,20- 

C*iH, 40| ethyl 

186 

dione 



4 -Pre gnen-1 7 a-ol-2 l-mcetoxy-3 , 11,20-crione 

^shi40e ethyl 

99|186 

(cortisone acetate) 



4-Andi osten-3,17-dione 

C as H B4 O a cyclohexyl 

182,184 

Ethyl pregna-4,17-dien-3-one-21-oate 

C«H Bi Oj ethyl 

187 

4-Pregnen-17a^ol-2 l-acetoxy-3,20-dione 

CjtHjiOi ethyl 

186 

Mechyl A 4 -3-keco-bisnor*cholenate 

Cji Hjb Of ethyl 

152,185.188 

4-Andros ten-3,17-dione 

CmHisO! benzyl 

182,1B4 

Treatment of 30t-acetorypregnane-ll, 

,20-dione (CLXXV) 

with ethyl 


orthoformate in absolute alcohol in the presence of sulfuric acid is re¬ 
ported to yield an amorphous mixture of A 17 ' ao and A aQfJ1 -enol-20-ethers 
(CLXXVI). Reduction of the enol ethers with LAH in ether followed by 
hydrolysis with alcohol and hydrochloric acid yields pregnane- 301 , 11 ) 8 - 
diol-20-one (189). 

CH, CH a 


C=0 COCjHj 
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cholanate and 3&,lljS-dihydroxyetiocholan-17-one. This indicates that 
LAH reduction leaves the enol ether grouping intact. 

As discussed in Section 7.2.1.01, the 3-enol thioethers have also been 
utilized for the protection of 3-keto group in A 4 -3-ketosteroids. 

Chatterjee and Kairer (190) reported that the LAH reduction of cory- 
nantheine, C„H lt N)0), gives a ketone alcohol named desmethylcory- 
nantheine alcohol and, as a by-product, desmethoxycorynantheine al¬ 
cohol. In the presence of excess LAH and a longer reaction time the 
desmethoxy alcohol becomes the main product of the reaction. Cory- 
nantheine was postulated as CLXXVII with the desmethyl and des- 
methoxy alcohols having structures CLXXVIII and CLXXIX, respectively. 



CLXXVII CLXXVIII CLXXIX 

The position of the double bond in CLXXVII and CLXXIX was not 
established. 

Janot and Goutarel, after a thorough examination, advanced structure 
CLXXX for corynantheine (191). Based on this formulation, structure 
CLXXXI can be advanced for desmethyl corynantheine while desmethoxy* 
corynantheine alcohol can be represented by CLXXXII or CLXXIX. 



CLXXXI CLXXXn 


Karrer, Schwyzer, and Flam (192) showed that all previously isolated 
and examined preparations of *'corynantheine 99 are mixtures of two com- 
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pounds, corynancheine (CLXXX), and dihydrocorynantheine (CLXXXIII). 
Various samples of "corynantheine 11 examined contained 40-43% CLXXX 
and 35-60% CLXXXIII. By chromatographic absorption the purest material 
obtained was 70% pure CLXXX. By catalytic reduction of the mixture of 
che bases, pure dihydrocorynantheine is obtained. 

Reduction of CLXXXIII with LAH in a benzene-ether mixture gives two 
isomeric desmethoxydihydrocorynantheine alcohols, m.p. 214° and 204°. 
The first, m.p. 214 °, is designated as the desmethoxydihydroalcohol 
(CLXXXIV) since it gives a positive Doeuvre reaction, while the latter, 
m.p. 204°, is designated as the iso-desmethoxydihydroalcohol (CLXXXV) 
and gives a negative reaction. By catalytic reduction over palladium- 
barium sulfate in ethanol both CLXXXIV and CLXXXV give the same 
tecrahydrodesmethoxycorynantheine alcohol (CLXXXVII), m.p. 211-213 °. 
In addition to CLXXXIV and CLXXXV, che LAH reduction of CLXXXIII 
gives a third reduction product named dihydrocorynantheine alcohol 
(CLXXXVI), m.p. 136-137°. 




J 'CH.CH, Y " CH > CH > Y 'CH.CH, 

HOCH HOCH , HOCH^^CHOCH, 

CLXXXIV CLXXXV CLXXXVI 



HOCHS^ <=H >ch 1 

CLXXXVII 


(11-104) 


Elderfield and Gray have advanced structure CLXXXVIII for tetra- 
hydroalstonine which yields tetrahydroalstanol on reduction with LAH in 
tetrahydrofuran (193). 



Janot and Goutarel (191) have proposed structure CLXXXIX with an 
cste>enol ether conjugation for tetrahydroalstonine. They suggest that 
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with the borohydride and hydrolyzed to the A 4 -3-ketosteroids, as has 
similarly been done with LAH. 

11.6 HYDROPEROXIDES 

The reduction of organic hydroperoxides with LAH proceeds smoothly 
co give the corresponding alcohol in good yield. Measurement of the 
volumes of hydrogen evolved indicate two moles of hydrogen per mole of 
hydroperoxide (195,196). It has therefore been postulated that the pri¬ 
mary reaction with LAH involves fission between the oxygen atoms of 
the —OOH group to give directly the lithium aluminum alkoxides (195). 

4 ROOH + LiAlH 4 - LiAl(OR) 4 + 4 H a O (11-109) 

4 H a O + 2 LiAlH 4 ► 2 LiA10 a + 8 H a (11-110) 


The reduction of OL-tetralyl hydroperoxide (CXCIII) and cyclohex-2-en- 
1-yl hydroperoxide (CXC1V) with LAH in ether yields a-tetralol and 
cyclohex-2-en-l-ol, respectively (195). 



The action of LAH on triphenylmethyl hydroperoxide (CXCV) leads to the 
formation of triphenylmethanol in almost quantitative yield (197). 

(C i H,),COOH (C*Hj)iCOH (11-113) 

CXCV 

The autoxidation of 2-phenylskarole (CXCVI) in hydrocarbon solvents 
yields the hydroperoxide (CXCVII), 2-phenyl-3-methyI-3-hydroperoxyin- 
dolenine. By reduction with LAH, CXCVII is converted to CXCVI. Re¬ 
duction of CXCVII with sodium borohydride in ethanol yields 2-phenyl-3- 
methyl->hydroxyindolenine (CXCVm) and CXCVI (145). 
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OOH 



OH 


NaBHt 

cxcvn — 



CH, 

cxcvm 


+ cxcvi 


(11-114) 


(11-115) 


Catalytic hydrogenation of the hydroperoxide yields the indolenine, 
phenylskatole or unchanged starting material (145). 


11.7 PEROXIDES 


The reaction of dibenzoyl peroxide with LAH proceeds almost explo¬ 
sively to give 87.3% benzyl alcohol (196). Hochstein reported that the 
reaction consumes approximately 1.3 moles of LAH and evolves one mole 
of hydrogen per mole of dibenzoyl peroxide (167). Matic and Sutton (196) 
confirmed the evolution of one mole of hydrogen by the reaction of the 
peroxide with an excess of LAH in di-n-butyl ether and have postulated 
the stoichiometric relationship: 

2 (C«H*COO)a + 3 LiAlH 4 -> LiAl(OCH a C e H l ) 4 + 2H a + 2 LiAlO a (11-16) 


Ascaridole (CXCIX) gives one mole of hydrogen on reaction with ex¬ 
cess LAH indicating conformation to the primary reaction of fission of 

the O-O bond. Although no ascaridole is recovered unchanged when a 

two-molar proportion of LAH is used, on reaction with a half-molar pro¬ 
portion of LAH about one-half of the ascaridole is recovered unchanged, 
the reaction product being ci 5-p-menthene-l,4-diol. 



CXCIX 



(11-117) 


Ratio LAH/Peroxide 


% Diol % CXCIX 


0.3 

2 


27 

65 


42 

O 
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Macic and Sutton (196) postulated that only one-half of the hydrogen of 
LAH is available in the reduction of ascaridole. An excess of the per¬ 
oxide is added at room temperature to a solution of LAH in di-n-butyl 
ether, the evolved hydrogen being measured. An excess of n-octyl al¬ 
cohol is added and approximately twice the volume of hydrogen already 
evolved is collected. The following reaction scheme has been suggested: 

RO—OR' + LiAlH 4 —► LiAl(OR) (OR')H 2 + ll a (11-118) 
LiAl(OR)(OR')H a + 2 R"OH —> LiAl(OR) (OR') (OR") a + 2H a (11-119) 

Methyl (X-tetralyl peroxide (CC) behaves similarly to ascaridole, one 
mole of hydrogen being evolved per mole of peroxide on reaction with 
excess LAH and only one-half of the total hydrogen of LAH being dis¬ 
placed on reaction with a deficiency of the hydride, the residual hydrogen 
being given off on treatment with n-octyl alcohol. Reduction with an 
equimolar proportion of LAH gives 52% methanol and 95% crude OL-tetralol 
( 196 ). 

O—O—CH, 

LAH 

CC 

The reduction of di-f ert -butyl peroxide in refluxing di-n-butyl ether at 
135° gives a 67% yield of ferr-butyl alcohol based on the total hydrogen 
content of LAH used (196). 

Mustafa (197) has shown that the reduction of 9 ? 10-diarylanthracene 
photoperoxides (CCI) with LAH yields 9,10-diaryl-9 f 10-dihydro-9 f 10-dihy- 
droxyanthracenes (CCII). 






( 11 - 121 ) 


% Yield 

phenyl 85 

m-tolyl 83 

p-tolyl 87 

The andlogy between the reactions of LAH and those of the Grignard 
reagent is sharply brought out here since treatment of CCI with phenyl- 
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magnesium bromide also yields CC1I with biphenyl as che second reaction 
product (198), 

The attempted dehydrogenation of acepleiadiene (CCIII) over palladium- 
on-charcoal yields a black, crystalline solid, C sa H aB 0 4 , m.p. about 325°. 
Catalytic hydrogenation of che solid, as well as treatment with LAH in a 
benzene-ether mixture, yields a product, Ci^uO,, m.p. 168*170°, indi¬ 
cative of the cleavage of a peroxide linkage (199). 



CCIII 


Campbell and Coppinger have reported that the reaction of 2,6-di-fer/- 
butyl-p-cresol (CCIV) with tert -bucyl hydroperoxide yields 1-methyl-l- 
l0rMnitylperoxy-3,5-di-;crf-butylcyclohexadien-4-one (CCV). The per¬ 
oxide is reduced to che phenol by LAH (200). 



(CHihCOOH 

LAH 


o 



The use of LAH to dry diethylene glycol dimethyl ether followed by 
distillation has been reported to result in a violent explosion. Analysis 
of various methyl ethers has indicated double the concentration of per* 
oxides in normal ethers. 


11.8 OZONIDES 

The LAH reduction of ozonides appears to involve as a primary reac¬ 
tion the fission observed in the reduction of peroxides and hydroperoxides. 

Jfinder and Stoll (143) have reported that che reduction of the ozo- 

lide of lpl^a^tetramethyl-SKZ-butenylH^^oxid a'ecahydronaphthalene 

;CCVI) yields 75% of a glycol (CCVII), a small amount of che oxide aris¬ 
ing from che dehydration of che glycol and a trace of the ester acid 
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11.B 



CCVI 



(11-123) 


The probable course of this reaction has been discussed in Section 
11.3.l.b, equation (11-68) (136). 

Ozonization of the isopropylidene ketone CCIX and reductive cleavage 
of the ozonide with LAH P followed by hydrolysis and chromic acid oxida¬ 
tion is reported to yield the dikecone CCX (144). 



CCIX 


1. LAH 

2. H a O 

3. CrO* 



(11-124) 


The probable course of this reaction involving the initial cleavage of the 
peroxide linkage has been discussed in Section 11.3. l.b, equation (11- 
70) (136). 

The reaction of 2-phenylskatole with ozone yields a stable ozonide 
(CCXI). Reduction of CCXI with LAH yields o-benzylaminophenylmethyl- 
carbinol while reduction with sodium borohydride yields o-benzamino- 
phenylmfcthylcarbinol. Catalytic hydrogenation in the presence of palla¬ 
dium black yields o-benzaminophenylmethyl ketone. The LAH reduction 
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product may be contaminated with o-ethylbenzylaniline formed by hydro- 
genolysis (145). 

OH 



(11-125) 


(11-126) 


(11-127) 


The fission of the peroxide grouping and the cleavage of both 

I I 

-N-C-O linkages as discussed in Section 12.17 results in the for* 


mation of a carboxylic acid or carbonyl derivative whose LAH reduction 
yields the indicated product. 

It is of interest to note that reaction of CCX1 with phenylmagnesium 
bromide yields four different products, separated by chromatography: 
o-benzaminoacetophenone (CCXII), 1-phenyl-l-(o-benzaminophenyl)-l- 
echanol (CCXIII), diphenyl and a compound CnHuNOaBr, m.p. 192-195°» 
formulated as CCXIV (143). 
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The reaction of the ozonide with n-butylmagnesium bromide gives six 
different products: o-benzaminoacetophenone (CCXII) as the major prod¬ 
uct, benzoic acid, probably formed by cleavage of the amide by the action 
of the Grignard reagent, phenol, o-benzaminophenyl-n-butylmethylcarbinol, 
the normal Grignard addition product to CCXII, a compound C ls HisNO, 
m.p. 134.5-156°, not further identified, and o-benzaminophenol (145). 

11.9 HETEROCYCLIC OXYGEN COMPOUNDS 

It has been shown that ether linkages are generally resistant to attack 
by LAH and other complex hydrides. When the oxygen atom is part of a 
cyclic compound cleavage is a function of ring and adjacent structure. 

The cleavage of 1,2-epoxides with LAH has been discussed in Section 

11 . 2 . 


11.9.1 Rings Containing One Hetero Atom 

11.9.1.a 1,4-Fzpoxides . Tctrahydrofuran (CCXV) is resistant to at¬ 
tack by LAH, as evidenced by its use as a solvent and reaction medium 
in LAH reductions. The 1,4-epoxy group in various compounds including 
3,6-anhydro sugars (CCXVI) and sapogenins (CCXVII) is not attacked by 
LAH or sodium, potassium or lithium borohydrides. 


-ui 2 



CCXV 



ccxvi ccxvn 


The replacement of the oxygen atom in ring F of CCXVII by nitrogen 
(CCXVni) results in a cleavage of ring E with LAH, due to the presence 

, „ II 

of the —NCO— grouping. 
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The tetrahydrofuran ring in quinamine (CCXIX) is analogously cleaved, 




as is bromoallogelseraine (CCXX). 



The reduction of compounds containing the —NCO— grouping is dis¬ 
cussed in Section 12.17. | 

The LAH reduction of fur an (CCXXI) and benzofuran (CCXXII) deriva¬ 
tives results in retention of the heterocyclic nuclei. 



11.9 


HETEROCYCLIC OXYGEN COMPOUNDS 


713 


u Og 

CCXXI CCXXII 

The cyclic ether grouping in various opium alkaloids is not cleaved by 
LAH. Thus, the LAH reduction of the tosylates of codeine (CCXXHI) 
(202,203), morphine (CCXXIV) (202) and neopine (CCXXV) (203) as well 
as the reduction of 8>hydrozydihydrocodeinone (CCXXVI) (204) and 1- 
bromocodeinone (CCXXVII) (203) results in retention of the ether grouping. 





Schmid and Karrer (20(5) reported that the reduction of thebaine 
(CCXXVIII) with LAH gives a phenolic dihydro compound which was rep* 
resented as CCXXIX and called M /8-dihydrothebaine.V The reduction 
was postulated as proceeding by the path CCXXVIII —► CCXXIX involv* 
ing addition of a hydride ion to yield the unnatural configuration at C 
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Although the structure CCXXIX was accepted by Bentley and Robinson 
(207), Stork (208,209) has proposed chat the reduction product which 
might be described as -phenolic dihydrothebaine has the structure 
CCXXX with the natural configuration at C i4 . 



Stork has shown that the addition of a hydride ion at C l4 , as proposed by 
Schmid and Karrer, would result in the attachment of hydrogen on the un¬ 
hindered side of the molecule, trans to the benzene ring, to yield a sub¬ 
stance whose formulation has been assigned to chebainone enol methyl 
ether. Further, a substance with the unnatural configuration at C i4 
postulated for jS-dihydrothebaine would not be expected to be catalytically 
reduced further to a product with the natural configuration at C 14J which 
is the structural configuration of the dihydrothebainol-6-methyl ether ob¬ 
tained by catalytic hydrogenation of the LAH reduction product (209)• 
Schmid and Karrer (210) have accepted the structural proposals of Stork, 
while reporting that thebainone enol methyl ether, which is assumed to 
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have the natural configuration at C 14f and /3«dihydrothebaine on catalytic 
hydrogenation yield the same di- and tetrahydro products. 

Schmid and Karrer (206) proposed that a similarity in the reactions of 
LAH and Grignard reagents was involved in the formation of phenyldi- 
hydrothebaine (CCXXXI) by the reaction between thebaine and phenyl- 
magnesium bromide (211,212). While with LAH the C 14 cation is stabi¬ 
lized by the addition of the hydride ion, the same reaction with the phenyl 
anion is sterically hindered and the cation rearranges as shown below 
to the C Q cation which then adds the phenyl anion. 



CCXXXI 


Stork (209) has proposed that the reaction involves a simple Wagner- 
Meerwein rearrangement followed by establishment of the aromatic ring 
with transfer of the positive charge to the nitrogen atom. 



CCXXXI 


(11-135) 
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The difference in che course of the reaction with the Grignard reagent 
and LAH emphasizes that the latter is a much weaker electron acceptor 
than magnesium bromide. 

11.9.l.b 1,5-Epoxidcs . Tetrahydropyran (CCXXXII) and tetrahydro- 
pyranyl ethers are resistant to attack by the complex hydrides. The 1,5- 
epoxy ring in pyranosides (CCXXXIII) and sapogenins (CCXXXIV) are 
similarly not cleaved. 



CCXXXII 


CH a OR 


ccxxxm 


CCXXXIV 



In che presence of gaseous hydrogen chloride, ring F in CCXXXIV is 
cleaved by LAH (Section 11.3.l.a). 




(11-136) 


The benzopyran (CCXXXV) as well as che zanchene (CCXXXVI) and 
benzozanchene (CCXXXVII) nuclei are recovered after LAH reduction of 
appropriate derivatives. 



CCXXXV 




CCXXXVI 


CCXXXVII 


The 3,9-oxido bridge in methyl ll-keto«3<X,9(X-oxidocholenate 

(CCXXXVIID ia not attacked by LAH (65). 
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The reduction of the sodium salt of 3/3-methoxy-30l,90t-oxido-ll-keto- 
cholanic acid (CCXXXIX) with sodium borohydride in aqueous ethanol 
yields 3/9-methoxy-30t 1 90l-oxido-llj3-hydroxycholanic acid (213). 



NbBHi 
---U 

94% 


CCXXXIX 


COOH 


(11-138) 


H 

The reduction of 3/3"hydroxy”3ftp90t"Oxido*ll”ketocholanic acid (CCXL) 

and 3^ v lljS-dihydroxy*3&,9&"Oxidocholanic ac *d (CCXLI) in boiling 
aqueous ethanol with sodium borohydride yields 3|90t > ll|3-trihydroxy- 
cholanic acid isolated as the methyl escei*3-acetate. In the reduction of 
^CXL| an 80% yield of the 301-epimer is accompanied by a 9% yield of 
the 30-epimer while in the reduction of CCXLI a 71% yield of the 301* 
epimer is obtained while no 3jS*epimer is detected (213). 
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The y-pyrone ring present in the flavonols (CCXLII) is resistant to 


LAH attack 

while the ketone group is 

reduced to 

yield the y-pyranol 

(214,215). 

n 


/C.H, 

^ LAH 


| 



1 


1 1 


f (11-140) 



V 

O 

X OH 


v' 

OH 

N)H 


CCXLII 


The reduction of 2-phenyl benzopyrylium or flavylium sales with LAH 
yields the corresponding o-dihydro derivative analogous to the reduction 
of the quaternary ammonium salts of cyclic bases. 

Karrer and Seyhan (216) reported that the reduction of 3»4'-dimethoxy-, 
3,5,7-trimethoxy- and 3 f 5 l 7 > 4'-tetramethoxy*2-phenylbenzopyrylium chlo¬ 
ride (CCXLni) gives the corresponding polymerhoxy-2-phenylbenzopyrafl 
(CCXLIV) erroneously named by the authors as a dihydrobenzopyran. 



(11-141) 


CCXLIV 
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R» 

R, 

Ri 

% Yield 

CH.O 

H 

H 

CH.O 

40 

CH.O 

CHjO 

CH a O 

H 

.... 

CH.O 

CH,0 

CH|0 

CH.O 

55 


Elscow and Platt (217) reported chat 6-ethyl-7-hydroxy-3 # ,4^-dimechory- 
2-phenylbenzopyrylium chloride (CCXLV) is reduced in almost quantita¬ 
tive yield to the corresponding flavan by successive reduction with LAH 
and hydrogen over a Raney nickel catalyst. The reduction presumably 
proceeds via the benzopyran (flavene) formed as a result of the LAH 
reduction. 



1. LAH 

2,H a :Rinty N1 



11.9.l.c 1,6-Epoxides . The seven-membered oxide ring in strychnine 
(CCXLVI): Rj —R t -H) (218,219) and analogous alkaloids such as brucine 
(CCXLVI: Rt-Rj-OCH,) and colubrine (CCXLVI: R.-H.Rj-OCH,) (220) 
is resistant to cleavage by LAH. 



CCXLVI 


Fieser and Rajagopalan (63) reported that oxidation of methyl A" (,l) - 
iithocholenate (CCXLVII) with chromate in aqueous acetic acid gives a 
product formulated as methyl 30 l,B 0 l-oxido-A'* l,) -cholenate (CCXLIX). 
Babcock and Fieser (221) have shown that the product actually is methyl 
3-keto-A ,( **) -cholenate (CCXLVIII). 
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CCXLIX CCL 


Reduction of CCXLVTII, originally formulated as CCXLIX with LAH 
yields A’ (1K) -lithocholenyl alcohol. Catalytic hydrogenation of the oxida¬ 
tion product (CCXLVffl) with Adams' catalyst in methanol containing a 
few drops of hydrobromic acid yields methyl 3jS-methoxy-A v(u ^-cholenate 
(CCLI) P originally formulated as methyl 30t v 80l-oxidocholanate (CCL). 



CCXLVin CCLI 

Reduction of CCLI with LAH yields 3/3-methoxy-A i(ll *-cholenyl alcohol, 
originally formulated as 8(?H*ydroxycholanyl alcohol-B. Catalytic hydro- 
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genation of CCLI over platinum in acetic acid yields methyl ^P-methoxy- 
cholanate (CCLII), originally formulated as methyl 8(?>hydroxycholanate 
(CCLIII). 



H 

CCLIII 


Reduction of CCLII with LAH yields 3/9-methoxycholanyl alcohol, orig¬ 
inally formulated as 8(?)-hydroxycholanyl alcohol-A. 

11.9.2 Rliip Containiag Two or More Hetera Atoms 

Cyclic ketals derived from the reaction of acetone and a 1,2-dihydroxy 
compound such as a sugar (CCLIV) as well as those derived from the 
reaction of ethylene glycol and a ketone (CCLV) are resistant to attack 
by complex hydrides as is generally true for compounds containing the 

I 

—-OCO— grouping (Section 11.3). 


lick 

J^QCH*)* (j> 

H,C- -CH. 

1 

0 0 

-CH,-C--CHj 

CCLIV 

CCLV 


Cyclic acetals derived from the reaction of benzaldehyde and a sugar 

(CCLVT) contain the —OCO— grouping and are not cleaved by the 

complex hydrides. Dioxane (CCLVII) is utilized as a solvent for LAH 
an d other complex hydrides due to its resistance to attack. 
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H 2 </ ^CH. 

—CH JlHC.H. 

1 1 

H 2 C CH, 

1 / 

\ / 

H,C—O 

0 

CCLVI 

cclvh 


Hemithioketals and thioxolanes (CCLVIII) are nor attacked bjr LAH. 
Oxazolldines (CCLIX) are cleaved by LAH to the 2-aminoalcohols (Sec¬ 
tion 12.17). 


■ i ii 

—c—c— —c—c— 


s y° 

_ N 0 

r 

/ \ 

A 

ccLvm 

CCLIX 


The LAH reduction of a dioxolanone (CCLX) results in cleavage, as 
discussed in Section 11.3.l.b., equation (11-62). 


CH.CH-C 

I I 

y 

R R 


LAH 


CH,CHCH,OH 


OH 


+ RjCHCH,OH (11-146) 


CCLX 


The trimer of phenylpropargyl aldehyde (CCLXI) is reduced with LAH 
to cinnamyl alcohol (142). 

C*H*C*C\ H 

/C—0\ h 

^)c— CmmCCgH, CJi£H ==CHCH,OH 

CCLXI (11-147) 

The reduction of various heterocyclic compounds such as benzoxazolone, 
containing both oxygen and nitrogen atoms in a reducible ring* is dis- 
cussed under heterocyclic nitrogen compounds in Section 12.19* 
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CHAPTER 12 


Reduction of 

NITROGEN-CONTAINING ORGANIC COMPOUNDS 


12.1 AMINES 


The reaction of LAH with primary and secondary amines is postulated 
to proceed with the formation of organometallic compounds (1) 9 according 
to the equations: 

LiAlH 4 + 4 RNH a —> LiAl(NHR) 4 + 4 H 2 (12-1) 

LiAlH 4 + 4 R a NH —► LiAl(NR a ) 4 + 4H, (12-2) 

No reaction occurs between LAH and tertiary amines. 

In contrast to LAH, the ethereal solution of the addition compound 
A1H 3 -A1C1 S| obtained by treatment of aluminum hydride with ethereal 
aluminum chloride, does not react with primary amines (2). 

Aluminum hydride reacts with trimethylamine to form adducts contain¬ 
ing one and two moles of amine per mole of hydride (3 V 4). Stecher and 
Wiberg (3) reported that polymeric aluminum hydride reacts with trimethyl¬ 
amine to form the adducts which apparently result from cleavage of the 

polymeric chain. When an ethereal solution of monomeric aluminum hy¬ 

dride is treated with excess trimethylamine a clear, stable solution is 
formed which, after distillation of the ether and unreacted amine, yields 
a white solid residue of the composition A1H 9 - 2N(CH 3 ) 3 , formulated as 




* H 


N(CH 3 ) 3 


N(CH 3 ) s 


I 


When the ethereal aluminum hydride solution is treated with one mole of 
trimethylamine, on distillation of the ether from the clear solution the 
residual solid has the composition A1H 3 • N(CH S ) 2| formulated as 


(CH S ) S N 


H 


\ 


■A1 


/ 


H 


H . / H 

H H 
II 


When II is dissolved in ether the simple formula A1H|*N(CH|) 9 is indi¬ 
cated indicating that the ether probably weakens the hydrogen bridge in 
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II to form che adducr 


H. N(OU 

H— 7 A1 . 

H '(XQH.), 

III 

Solution of II in an ethereal trimethyl amine solution yields the diaminate 

(I) (4). 

Sodium and lithium borohydrides are soluble in primary and secondary 
amines with no apparent reaction. Although lithium borohydride does not 
react with trimethylamine (5), the reaction between che borohydride and 
various amine salts yields boron derivatives (6). Thus, methyl ammonium 
chloride (IV) in ether solution is converted to N-crimethylborazole, di- 
methylammonium chloride (V) yields N-dimethylaminoborine and trimethyl- 
ammonium chloride (VI) yields trimethylamineborine. 

3 CH I NH 1 C1 + 3 LiBH, (CH I ) 1 N 5 B S H 1 + 3 LiCl + 9H 2 (12-3) 

IV 

(CHj)jNH 2 C1 + LiBH 4 (CH s ) a NBH a + LiCl + 2 H a (12-4) 

V 

(CHj ),NHC1 + LiBH, (CH 3 ),N : BH S + LiCl + H a (12-5) 

VI 

Aluminum borohydride reacts with trimethylamine to form an addition 
compound which decomposes at 40-60° to yield a mixture of products 
which are not the parent substances (7). The addition reaction apparently 
involves the removal of borine groups in che form of trimethylamineborine 
(CH,) S N:BH 9 (5,8). While sodium borohydride does not react with tri¬ 
methylamine, magnesium borohydride forms an addition compound 
Mg(BH 4 ) a - NfCHj), which loses trimethylamine on heating for three hours 
at 100° (8). Beryllium borohydride reacts with trimethylamine to form an 
addition compound Be(BH,) 2 - N(CH v ) a which reacts further with the amine 
at 100° according to the equation: 

BetBH^-NfCH,), + (CH^N ^ BeBH, • NfCH,), + (CH.J.NiBH, 

VII (12-6) 

Decomposition of VII yields trimethylamine and an oily material which 
reacts with diborane to form beryllium borohydride (9). 

Lidiium gallium hydride, analogous to LAH, reacts with primary and 
secondary amines to liberate hydrogen but does not react with tertiary 
amines (10). 
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12.2 NITRILES 

12.2.1 Reductions with Lithium Aluminum Hydride 

The reduction of nitriles with LAH can be directed to yield either a 
primary amine (11-13) or an aldehyde (14) by the appropriate choice of 
reaction conditions. 

Nystrom and Brown (13) postulated that the reduction of the nitrile to 
yield the primary amine consumes one-half mole of LAH per mole of 
nitrile and set forth the equation: 

2 RCkN + LiAlH 4 —» (RCH,N),LiAl RCH,NH, (12-7) 

Zaugg and Horrom (15) have similarly claimed the utilization of one-half 
mole of LAH per mole of nitrile. Amundsen and Nelson (16) have re¬ 
ported that the reduction of one mole of nitrile requires one mole of LAH 
and have suggested that only half of the hydrogen of LAH is available 
for the reduction when the reaction is carried out below 35°. Nace and 
Smith (17) have found that in the reduction of cyclohexanone cyanohydrin 
the best yields are obtained with a ratio of two moles of LAH per mole 
of cyanohydrin. Welvart (18) has found that the course of the reduction 
of OC-piperidinonitriles can be directed by varying the LAH/nitrile ratio. 
Zaugg and Horrom (19) have found that in the reduction of (X,Ot-diphenyl- 
/9-substituced propionitriles the optimum ratio is two moles of LAH per 
mole of nitrile. They have concluded that the number of moles of reduc¬ 
ing agent per mole of nitrile necessary to form the intermediate complex 
varies with the type of compound and for preparative purposes a large 
excess of LAH can be used to good advantage. 

Application of the Gilman-Schulze color test to the reaction of LAH 
with p-tolunicrile indicates a combining ratio of approximately two moles 
of nitrile per mole of LAH (13). Amundsen and Nelson (16) stated chat 
the Gilman-Schulze test is not suitable for following the course of a re¬ 
duction since it shows two moles of benzonicrile per mole of LAH and a 
1:1 ratio with capronitrile while the actual reduction indicates a 1: 1 
ratio in each case. 

Nystrom and Brown (13) reported chat the intermediate complexes 
formed from LAH and nitriles are stable in a nitrogen atmosphere, but 
are pyrophoric in contact with air. 

12.2.l.a Aliphatic Nitriles . The reduction of aliphatic nitriles to 
amines has been carried out with the nitriles derived from fatty acids 
as well as those containing pyridine, quinoline, thiophene, chianaphthene, 
pyrazole, imidazole, and indole nuclei. 

The reductions to yield the primary amines usually proceed without 
difficulty and compare favorably with other methods of reduction. The 
reduction of 1-cyclohexenylacetonitrile (VIII) with LAH yields 74?5 of 
2-(l-cyclohexenyl)ethylamine while catalytic hydrogenation over Raney 
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cobalt in methanol at 60° and 90 atmospheres pressure proceeds in 90% 
yield (20). 



Jones (21) reported chat while the LAH reduction of 3-cyanomethyl- 
pyrazole (IX) and l-benzyl-4-cyanomethylpyrazole (X) gives the expected 
aminoethyl derivative, reduction of 4-cyanomethylpyra2ole (XI) with LAH 
in ether gives none of the expected 4-(j3-aminoechyl)pyrazole. 



HjCHjNHj 


HN-N 


(12-9) 



While reduction of 4-quinolylacetonitrile (XII) with LAH in ether or 
tetrahydrofuran gives only traces of the primary amine, reduction with 
sodium in ethanol yields 3-aminoethyl-l,2,3,4-tetrahydroquinoline (22). 



( 12 - 10 ) 


( 12 - 11 ) 


Acetone homoquinoniexile (XIII) is reported not to be reduced with LAH 
'under the usual conditions'* (23). 
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OH 


CH a CN 

xm 


The reduction of alkylcyanoacetic esters (XIV) as well as other cyano- 
acids and esters has been utilized in the synthesis of amino alcohols 
with antitubercular activity (24,25). 


C 1 # H al CHCN C l 0 H al CHCH a NH a 

1 | LAH , 

COOR CH a OH 

XIV 


(12-12) 


In some cases ring closure accompanies the formation of open-chain 
aminoalcohols (24). 


CN 


C It H, 1 CCH,CH,CN 


COOCjH, 

XV 


CH,NH, 

C| 0 H 2 iCCH,CH 1 CH,NH, + 


CH,OH 


H, 

C 

H 2 NCHj\ / \ 

)c CHj 
C..H./ 


HjC^ /CHj 

N 

H 

(12-13) 


Brown (26) has observed that while the LAH reduction of 2 p 2-disubsti- 
tuted-4-phenoxybutyronitriles (XVI) yields the expected 2,2-disubstituted* 
4-phenoxy butyl amines, cyclization occurs in the case of the isopropyl 
derivative. 


c 6 H,ocH a ay:^N 

K R 


LAH i 
BO—90% 


C 6 H|OCH a CH^CCH a NH a 
R R 


(12-14) 


XVI 


R - CH lp C a H II C.H ll CH 1 C.H 4 
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C,Hf(0 

CaHjOCHjCHjCCN 

c,h 7 (0 

XVII 



(12-15) 


While che reduction of trimethylacetonitrile yields 86% of neopentyl- 
amine, triphenylaceconitrile is not reduced at 25° (13). 

The LAH reduction of 0C- and 0-aminonitriles presents some unusual 
aspects. Zaugg and Horrom (19) reported that the attempted reduction of 
Ot,OL-diphenyl-0-dimethylaminopropionitrile (XVIII) with either one-half 
mole or one mole LAH per mole of nitrile gives a complex mixture from 
which no pure product can be isolated. When two moles of LAH are em¬ 
ployed per mole of nitrile the expected diamine (XIX) is isolated in good 
yield. The CL ,(X-diphenyl-0-pyrrolidino- and piperidinopropionitriles are 
also readily converted to che diamines under these conditions although 
the diethylaminonicrile can not be successfully reduced, yielding a prod¬ 
uct with a wide boiling range from which pure derivatives can not be iso¬ 
lated. The reduction of XVIII and its diethylamino analogue with sodium 
in ethanol results in cleavage of the nitrile group to yield the monoamine 
in place of che diamine. Hydrogenation of XVIII with Raney nickel in the 
presence of vnethanolic ammonia results in cleavage at a different point 
to yield 0,0-diphenyl ethylamine (19). 


(C i H 1 ) a CCH a N(CH 1 ) a 

CN 

XVIII 


LAH 

B6.5% 


H a : Riniy Ni 


Ha-CjHjOH 

65% 


(CiH^CCH^CH,), 

CH a NH a 

XIX 

(CJi.XCH 

CH,NH a 

(C - H f ) a CHCH a N(CH 1 ) J 


( 12 - 16 ) 


(12-17) 

(12-18) 


Amundsen and Nelson pointed out chat complications can be expected 
when the LAH reduction of nitriles with an OC-hydrogen is carried out 
(16). Phenylacetonitrile yields a reaction mixture which quickly turns a 
very dark green when exposed to the atmosphere. Nelson, Leubner and 
Burk (27) found chat the LAH reduction of 2-aniiinophenylacetonitrile 
(XX) gives 25% of 2-anilino-2-phenylecbylamine (XXI) but that the major 
product is N-benzylaniline (XXII) in 41% yield. 
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I 1U 

CeHgNHCHCN G i H,NHCHCH a NH a + C e H i NHCH a C i H 1 (12-19) 

C 6 H. C 6 H b 

XX XXI XXII 

Welvart similarly reported abnormal reductions with CX-aminonitriles 

(18). The addition of an ethereal solution of an OC-piperidinonitrile 
(XXIII) (R t * H,R a - C a H Bl t-C a H 7 ; R t « CH ai R a = C 2 H B ; R t R a = (CH^) 
to an LAH solution cooled to —5° gives 45—60% of the diamine (XXIV) 
and 20-25% of a triamine (XXV). When the reagent is added to the solu¬ 
tion of the nitrile at ordinary temperatures the yields of diamine and tri¬ 
amine are reversed. 


/“V J 


R, 


N—C—CN 


Ra 


LAH 



XXIII 


N—C—CH.NHj + 

' I 

Rj 

XXIV 

R» Ri 

CHjNHCHj 


\ —C —CHjNHCHj —C — 

Ra Ra 

XXV 


( 12 - 20 ) 


LAH reduction yields the diamine and an unidentified condensation prod¬ 
uct when R, = H and R a = H or C»H|. The formation of the secondary 
amine in the reduction is explained by the two mechanisms (12-21) or 
( 12 - 22 ): 


3 RCN 


3 RCH=NH 


RCH=N\ 

)CHR 
RCH = N / 


RCHjNHj + (RCH 2 )jNH 
( 12 - 21 ) 


RCN 


RCHjN(LiAl)i. R 

>1 4 
RCH,NH 2 


N(LiAl)^ 

J LAH 

\ 

N(LiAl)^ 


(RCHj)jN(LiAI)^ 

(RCH a ) a NH 


CH a R 


( 12 - 22 ) 


By this mechanism an excess of LAH favors diamine formation while ex¬ 
cess aminonitrile leads to the criamine. Experimentally the reduction can 
be directed towards the di- or oiamines by change of operating conditions. 

The LAH reduction of aliphatic nitriles to amines is summarized in 
Table LXXI. 



TABLE LXXI 

LAH Reduction of Aliphatic Nitriles 
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12.2. l.d Cyanohydrins . Nystrom and Brown reported chat cyanohy¬ 
drins form insoluble precipitates which remove LAH from the solution 
and hence are reduced in relatively poor yield (13). These side reactions 
have been overcome by the use of higher LAH/nitrile ratios (17,34,35) 
and by the use of the cyanohydrin acetate (34,35). In some cases the re¬ 
duction product is contaminated with the carbinol formed by reduction of 
the carbonyl compound resulting from dissociation of the cyanohydrin 
(35,36). 

Heusser et al t (34) and Nace and Smith (17) found that in the usual 
method of working up the reaction mixture from a cyanohydrin reduction 
the filter cake retains a considerable quantity of the reduction product. 
By extraction with appropriate solvents the product is obtained in good 
yield. Heusser et al . reported that the hydroxyamine is obtained when 
the filter cake from the reduction of the cyanohydrin acetate, XXX, is ex¬ 
tracted with a mixture of methanol and chloroform, but extraction with 
acetone yields the spirooxazolidine. 



Cyanohydrins reduced with LAH are summarized in Table LXXIII. 

12.2.l.e OL f {J-Unsaturated Nitriles . The LAH reduction of OC^-urr 
saturated nitriles has been reported as yielding in some cases the un- 
saturated amine and in others the saturated amine. Elderfield, Pitt ani 
, Wempen found that /9-ethyl-ymethoxycrotonitrile (XXXI) is reduced to the 
corresponding primary amine in 50-67% yield without affecting the double 
bond (37). Weisler (38,39) has patented the preparation of /8-ionylidene* 
ethylamine and Vitamin A amine by LAH or aluminum hydride reduction 
of the corresponding nitriles (XXXII) and (XXXIII). 
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CH,OCH a C=CHCN LAH CH a OCH a C =CHCH a NH a (12-27) 

C a H, C a H, 

XXXI 




xxxm 

The reduction of XXXII to the unsaturated aldehyde is discussed in Sec¬ 
tion 12.2. l.g. The reduction of 3/3-acetoxy-20-cyanopregna-5 l 17-diene 
(XXXIV) yields the unsaturated amine (40). 


CHCN 



XXXIV 

In contrast, Dor now, Messwarb, and Frey (41) reported that the LAH 
reduction of methyl OL-cyanocinnamate (XXXV), its 4-methoxy or 3.4- 
methylenedioxy derivatives gives the saturated 3-aminoalcohol. 

C.H l CH=-CCOOCH, LAH C,H,CH a CHCH a OH (12-28) 

CN CH a NH a 

XXXV 

The corresponding reductions of isoamylidene cyanoacetic acid (XXXVI) 
and citralidene cyanoacetic acid (XXXVII) to the saturated aminoalcoh®) 8 
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indicate chat the reduction of the double bond is not dependent upon the 
conjugation of a phenyl group and a reducible group. 

(CH.^CHO^CH* =CCOOH 
CN 

XXXVI 

(CH s ) a C=CHCH a CH 2 C CHCH =CC OOH 

CH S CN 

XXXVII 

Mousseron and his co-workers (28,31,42) have reported that the reduc¬ 
tion of 1-cyanocyclohexene with excess LAH at ambient temperature 
gives a 60% yield of aminomethylcyclohexane while reduction with in¬ 
verse addition of LAH at —15° gives the saturated aldehyde in 60% yield. 
The mechanism proposed (28) for these reactions involves the preliminary 
formation of the complex ion (XXXVIII) which upon hydrolysis gives the 
saturated aldehyde through the intermediate imine. In the presence of 
excess LAH, XXXVIII is converted to the metallic complex XXXIX which 
on hydrolysis yields the saturated amine. 



XXXIX (12-30) 

Tlie reduction of N v N'-diphenylcyanoformamidine (XL) which contains 
a conjugated carbon-nitrogen double bond yields the amidine (XLI) (43)- 
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QH.N^C—NHC ft H, C 6 H g N=C—NHC,H. (12-31) 

CN CHjNHj 

XL XLI 

The reduction of 01,/S-diphenyl-jS-methoxyacryloniErile, m.p. 106° (XLII), 
obtained by methylation of Ot-cyanodesoxybenzoin, with one-half mole of 
LAH yields a-benzylphenylacetonitrile (XLM) in which demethylation 
and reduction of the double bond has occurred while the cyano group is 
intact (44). 

I All 

CfHgC=CC t H,-» C,H,CHCHjC,H, (12-32) 

CN OCH, CN 

XLII XLIII 

12.2.1.f Selective Reductions. Several attempts have been made to 
apply the technique of selective reduction to an oxygen function without 
affecting the nitrogen function on a compound possessing two different 
reactive groups (43). Avison and Morrison (46) have successfully re¬ 
duced ethyl 5-chloro-2-cyano-2-phenylvalerate (XLIV) to 5-chloro-2-cyano- 
2-phenyl- 1-pentanol (XLV) although attempts at distillation have resulted 
in decomposition. 

C.H, C.H, 

ClCHgCHjCHgCCOOQH, —► CICH.CHjCHjCCHjOH (12-33) 


CN 

XLIV 


CN 

XLV 


The N-methylamide (XLVI) derived from XLIV is cyclized on treatment 
with sodium ethoxide to the piperidone (XLVII). 

C.H^ CN 

C.H. / C \ 

| HgC NCH| 

CICHjCHjCHjCCONHCH, W *° C,H % | | (12-34) 

I H 2 c CH, 

CN V 

XL VI H, 


xlvh 


Neither XL VI nor XL VII have been selectively reduced with LAH f yield¬ 
ing mixtures of basic products from which a pure compound has not been 
isolated. 



12.2 


NITRILES 


747 


The non-reduction of the nitrile group has been shown in equation 
(12-32), wherein the LAH reduction of 0( v /3-diphenyl-/9-methoryacrylo- 
nitrile yields a-benzylphenylacetonitrile (44). 

Reynaud and Matti (47) studied the action of aluminum isopropozide 
and LAH on a mono- and disubstituted /3-ketonitrile. The reduction of 
benzoylphenylacetonitrile (XLVIII) with the aluminum alkozide and iso¬ 
propanol gives l p 2-diphenyl-2-cyanoethanol. 

C«H,COCHCN A1(i ' 0Pf)l > C.H.CH—CHCN (12-35) 

C,H f OH C,H, 

XL VIII 

The addition of one-quarter mole of LAH (sufficient to reduce the ketonic 
function) to one mole of XLVIII results in the evolution of hydrogen and 
the formation of an ether-insoluble complez which quantitatively generates 
the starting material on acid treatment. The complez is represented as 
arising by the reaction of LAH and an active hydrogen according to equa¬ 
tion (12-36) or (12-37). 


■» 

X 

<o 

u- 

<pH, 



4C,H,COCH + LiAlH, 

1 

C.H.COC — 

1 

LiAl + 4 H, 

(12-36) 

CN 

CN 



OH C.H, 

1 1 

o c,h7 

1 i 



CjH,C =C + LiAlH, 

1 

C,H,C=C 

1 

LiAl + 4H, 

(12-37) 

CN 

CN 




The reaction of 2-benzoyl-2-phenyl-4-diethylaminobutyronitrile (XLIX) 
with both LAH and aluminum isopropozide results in cleavage of the 
quaternary carbon-carbonyl bond to yield 2-phenyl-4-diethylaminobucyro- 
nitrile (L). The by-product from the alkozide reaction is isopropyl 
benzoate and that from the LAH reaction is benzaldehyde since the re¬ 
action is carried out with the inverse addition of a calculated amount of 
hydride. 


C,H. C # H, 

C,H,\ | QH.v | 

>NCH t CH a CCOC,H l ^NCHjCHjCH 

C*H* | C,H| | 

CN CN 


( 12 - 38 ) 


XLTX 
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12.2.1.g Reduction of Nitriles to Aldehydes . As discussed in Sec¬ 
tion 12.2. l.e, equation (12-29), nitriles can be reduced with LAH to the 
corresponding aldehydes by the inverse addition of the calculated amount 
of hydride at low temperatures (14). Friedman proposed a procedure 
whereby one-quarter mole of LAH in ether or tetrahydrofuran is added to 
one mole of nitrile at temperatures maintained below 0°. The mixture is 
allowed to warm to room temperature and upon cessation of the exothermic 
reaction the mixture is decomposed and the aldehyde isolated in the 
usual manner. The reduction apparently involves the formation of the 
imine. 

RCsnN + */« LiAlH* —► RCH=N LlA1 H, ° RCH=0 (12-39) 


This technique has been applied to the following nitriles to yield the 
corresponding aldehydes: 


Nitrile 

% Aldehyde 

Ref. 

1-Cyanocyclo hexane 

60 

28,31,42 

1-Cyanocyclopropane 

48 

48,49 

Trifluoroacetonicrile 

46 

50 

4-Dime thylaatino-3-mechyl-2 p 2-diphenylbiicyronitrile 

24 

51 

4-Dimethylamino-2,2-diphenyl valeronitrile 

28 

51 

/3-Ionylideneaceionitxile 

7-34 

52-54 


The reduction of /S-ionylideneacetonitrile (LI) to /3-ionylideneacetalde¬ 
hyde has been of great interest due to its potential utility in the synthesis 
of vitamin A and its derivatives. The LAH reductions are generally 
carried out by adding an ethereal solution of the hydride at —50° to a 
solution of the nitrile in various solvents. The products include (0- 
ionylidene)ethylamine and unreacted nitrile as well as the aldehyde 

(52-54). 


CH S CHj 



The relative proportions of products under varying conditions are sunr 
marized below. 
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Moles Nitrile/Moles LAH 

Solvent 

% Aldehyde 

% Amine 

% Nitrile 

0.02/0.005 

Echer 

11.6 


33 

0.02/0.02 

Ether 

7 

55 


0.02/0.01 

Ether 

34 

12 

7.5 

0.02/0.01 

Cyclohexane 

12.5 

20 


0.02/0.01 

Triethylamine 

29 

21 


0.02/0.01 

Petroleum echer 

21 




(40-60°) 


Herz (35) found chat the reduction of 3-cyanomethylthianaphthene gives 
the primary amine accompanied by a neutral compound formulated as the 
3-hydroxyechylthianaphthene. The latter may have arisen by preliminary 
formation of the aldehyde followed by reduction with excess LAH. 

Claus and Morgenthau (56) unsuccessfully attempted to prepare j8- 
methylmercaptopropionaldehyde by the reduction of jS-methylmercapto- 
propionitrile (LII) according to Friedman’s method. However, the alde¬ 
hyde has been prepared in good yield from the corresponding nitrile by 
LAH reduction of an ortho ester to an acetal followed by hydrolysis to 
the aldehyde. The reaction scheme is as follows: 


CH,SCH 2 CH a CN 

OCH, J LII 
CHjSCH,CHjC=NH 1 C1 


OC 2 H. 


CHjSCHjCHjC =NH,C1 


CHjSCHjCHjCCOCHjJs 

LAH | 

CH,SCHjCH a CH(OCHj), 

hIo' 


CH|SCH 2 CH]C(OC]Hi), 

1 LAH 

CHjSCHjCHjCHfO^H,)* 

'HiO 


(12-41) 


CH B SCH a CH a CHO 


12.2.2 Redactions with Aluminum Hydride 

As mentioned in Section 12.2.l.e, the patents on the reduction of j3- 
ionylideneacetonitrile and vitamin A nitrile to the corresponding amines 
refer to the use of either LAH or aluminum hydride as the reducing agents 
(38,39). 

Acetonitrile is reduced to ethylamine with an ethereal solution of the 
aluminum hydride-aluminum chloride addition compound (2). Similarly, 
henzonitrile is reduced to benzylamine in 79% yield (57). The proposed 
simplified mechanism for the reduction of nitriles involves the two-stage 
addition of the hydride. 
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—C 


N 


+ aIH 


—CH=Nal 


+ «1H 


—CH,—Nal, +2H, °‘ CH,NH, (12-42) 
al = 1 equivalent A1 

12.2-3 Redactions with Magnesium and Zinc Aluminum Hydrides 

Both magnesium (58,59) and zinc aluminum hydrides (59) reduce aceto¬ 
nitrile to ethylamine. 

12-2.4 Reactions with Sodium Borohydride 

The non-reduction of the nitrile group by sodium borohydride (60), per¬ 
mitting selective reduction, has been utilized in the reduction of the fol¬ 
lowing compounds to the nitrile-containing products: N-cyanotropinone, 
(61), 20‘cyano-17-pregnene-21-ol-3,ll-dione-3-dimethylketal (62). 

1SL2.5 Reactions with Lithium Borohydride 

The non-reducrion of the nitrile group by lithium borohydride has found 
particular utility in the reduction of corticosteroids. The following com¬ 
pounds have been treated with lithium borohydride with the resultant re¬ 
duction of the carbonyl group and retention of the nitrile group: 20-cyano- 
17-pregnene-21-ol-3,ll-dione-3-dimethyl kecal (62), 20-cyano-17-pregnene- 
21-ol-3,ll-dione-3-diethyl ketal (63), 20-cyano-17-pregnene-21-ol-3,ll- 
dione-3-monosemicarbazone (62,64). 

The nitrile group in 2-bromobutyronitrile and chloromethylbenzonitrile 
is not attacked by a lithium hydride-lithium borohydride mixture in reflux¬ 
ing tetrahydrofuran (65). 

12.Z6 Reductions with Lithium Gallium Hydride 

Lithium gallium hydride in ether solution is reported to reduce aceto¬ 
nitrile to ethylamine but fails to reduce benzonitrile (10). 


12.3 CYAN AMIDES 


Although the cyanamide group is ordinarily readily reduced, by cata¬ 
lytic means, the group in N-cyanonortropinone (LIII) is resistant to so¬ 
dium borohydride (61). 



NaBH 4 

79V. 



1 



(12-43) 


LIII 


O 


■ 
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12.4 ISOCYANIDES 

In the only reported example of che LAH reduction of an isocyanide v 
phenyl isocyanide (LIV) is reduced with excess LAH in ether solution to 
N-methylaniline (66). 

LAH 

C.H.Ns^C C.H.NHCH, (12-44) 

LIV 

12.5 ISOCYANATES 

The reduction of phenyl isocyanate (LV) with ethereal LAH yields 
N-methylaniline (67,68). 

C.H 5 N=C= =0 C.H.NHCH, (12-45) 

LV 

The overall reaction has been postulated as requiring three-quarters of 
a mole of LAH per mole of isocyanate (68). The reduction of dehydro- 
abietyl isocyanate (LVI) has been utilized in the synthesis of the N- 


mechyldehydroabietylamine (69). 



_ CH(CHj), 

HjC fj 

H,C 

^CH(CH,) 2 

LAH 



CH, J^Vn=C=0 CH, ' 

LVI 

^NHCH, 

(12-46) 


12.6 OXIMES 

The reduction of oximes consumes one-half mole of LAH and yields 
primary amines as indicated in the following partial equation: 

2 R a C=NOH + LiAlH 4 -> 2 R 2 CHNH a (12-47) 

Smith, Maienthal, and Tipton have found that the best ratio of oxime to 
LAH is 1 to 1.5 moles and have reported that the Gilman-Schulze color 
rests can not be successfully applied to the reduction of oximes with 
LAH (70). 

12.6.1 Aldoxlmes 

The reduction of aliphatic and aromatic aldoximes, tp primary amines, 
with LAH is summarized in Table LXXIV. 

H 

RC= =NOH RCH,NH a (12-48) 
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12.6.2 Ketosdmes 

The reduction of ketoximes with LAH usually yields primary amines as 
che only produce. However, the amine in some cases is accompanied by 
an isomeric secondary amine. 

12.6.2.a Acyclic Ketoximes . The LAH reduction of acyclic ketozimes 
generally proceeds without difficulty to the primary amine. 

R—C—R' LAH R—CH—R' (12-49) 


NOH NH, 

The LAH reduction of 2-oximino-3-ketoesters presents an interesting 
picture. Gregory and Malkin (71) reported that an attempt to reduce 
methyl 3-keto-2-oximinooctadecanoace (LVII) with LAH gave a "mixture 
of long-chain amines" from which no pure substance could be isolated. 
Fisher (72) repeated this reduction and obtained a product which on 
benzoylation in pyridine and recrystallization from ethanol gives tri¬ 
benzoyl dihydrosphingosine (LVIH). 


CHjfCH^nC CCOOCH, J; £” cocl CH,(CH,) 14 CH—CHCH,OB 


O NOH 
LVII 


OB NHB 

LVIH (12-50) 


B = COC.H, 


Hayes and Gever (73) reported that the reduction of ethyl CX-oximino- 
furoylacetate (LIX) with a large excess of LAH in ether gives approxi¬ 
mately 2% of the expected aminodiol (LX) isolated as the oxalic acid 
salt. LAH reduction of the methyl ester of LIX also proceeds in "poor" 
yield. 



C—CCOOCjH, 

II II 

O NOH 
LIX 


LAH 



CH—CHCH.OH 

I I 

OH NHj 
LX 


(12-51) 


However, catalytic hydrogenation of the methyl ester in the presence of 
palladium in acetic anhydride, gives methyl (X-acetaminofuroylacetate. 

Elphimoff-Felkin, Felkin, Tchoubar, and Welvarr (74) found that the re¬ 
duction of ethyl Ot-oximinobenzoylacetate (LXI) by zinc and acetic acid, 
by aluminum isopropoxide, by the Bouveault-Blanc method and by LAH 
does not give good results. Viscontini and Adank (75) reported that only 
one subseance could be isolated, in about 7% yield, as a crystalline prod¬ 
uct from the reduction of LXI with LAH. This product, m.p. 179-180°, 
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based on an elemental analysis has the consticucion of either the Schiff's 
base (LXII) or the ozazolidine derivative (LXUI). 

C ‘T“I" -0000 ’"* 

O NOH 
LXI 


C,H,CH—CHCOOH C,H,CH-CHCOOH 

II or | | (12-52) 

OH N=CHC,H, NH 

CH 


LXII 


CgH B 

LXUI 


The formation of benzaldehyde in the course of the reaction is indicated 
by the isolation of either LXII or LXUI. Additional work by Visconcini 
(76) has revealed that if the reduction of LXI is carried out under reflux 
with excess LAH the normal reaction yielding a//o-DL-3-phenyl-2-amino- 
1,3-propanediol (LXIV) is observed. 


C.H.C—C—COOQH. CgH.CH — CHCOOH 

II II ^11 (12*53) 

O NOH OH NH, 

LXI LXIV 


The abnormal behavior of LXI has been attributed to a dissociation of the 
2-amino-3*hydroxyester into an aldehyde and ethyl glycinace. 


RCH—CHCOOCaH* 

I I 

OH NH, 


RCHO + CH,—COOC,H, 
NH, 


(12-54) 


Treatment of <X,j3-dimorpholinobenzylacetone oxime (LXV) with LAH in 
ether by the Soxhlet technique fails to reduce the oxime. Similarly, cata¬ 
lytic hydrogenation with palladium-on-charcoal at 50 psi pressure of 
hydrogen fails to reduce LXV (77). 


CeHgCH-CH-CCH, 


N N NOH 


0 '0 
LXV 

The reduction of acyclic kecoximes with LAH, yielding the primary 
amine, is summarized in Table LXXV. 
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'll. Kopp, Comp l, rend., 235, 247 (1952). 
•H. Felicia, ibid.. 230. 304 (1950). 
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12.6.2-b Alicyclic Ketoximes . The reduction of alicyclic ketoximes 
with LAH, yielding alicyclic amines, is summarized in Table LXXVI. 

The LAH reduction of anhydroajmaline oxime and anhydroisoajmaline 
oxime, QoHaiNjO, to ajmaline and isoajmaline, C a0 H aB N a O a , respectively, 
has been discussed in Section 12.2.l.b. Since the structures of these 
polycyclic alkaloids are unknown the course of the oxime reduction can¬ 
not be ascertained. 

12.6.2.C Aromatic Ketoximes . The reduction of aromatic ketoximes 
with LAH yields the corresponding primary amine accompanied, in many 
cases, by an isomeric secondary amine. Larsson (66,78) found that the 
reduction of acetophenone oxime (LXVI) gives 1-phenylethylamine as the 
main product and N-ethylaniline as the accompanying isomer. 

C.H.CCH. lah C 6 H.CHCH S + C.H.NHCaH. 

NOH NH, 

LXVI 

Smith, Maienthal, and Tipton (70) found that propiophenone oxime as well 
as acetophenone oxime is reduced to the corresponding amine and N- 
alkylaniline. The result appears to be due to a rearrangement of the 
oxime, under the reaction conditions, to an amide which is then reduced 
as usual to a secondary amine. 

RR'C=NOH -► RCONHR' or R'CONHR (12-56) 

Kopp (79) found that the temperature and time of refluxing influences 
considerably the course of the reaction, notably in regard to the forma¬ 
tion of secondary amines, in the reduction of aryloxyketoximes. 

Walter (80) reported that while the LAH reduction of acetophenone and 
p-chloro- and p-bromoacetophenone oximes gives the corresponding amine, 
the reduction of m-nitroacetophenone oxime does not yield the simple 
amine. However, the color of the reaction mixture indicates that con¬ 
version of the aryl nitro to an azo group has occurred, probably along 
with reduction of the oxime. 

The reduction of benzophenone oxime with LAH has been successfully 
carried out in tetrahydrofuran (81) but not in ether (70), 

The diketone, 1,6-diketojulolidine, readily forms a crystalline dioxime 
(LXVI1) which has not been reduced by sodium and methanol, sodium 
amalgam, hydrogen with a palladium-on-carbon catalyst or LAH (82). 
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deduction carried ouc La isopropyl ether-diethyl ether mixture. 

■A. Burger and W. B. Bennet, /. Am, Chem, Soc 72, 5414 (1950). 
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The reduction of various aromatic ketoximes is summarized in Table 
LXXXVII. 


12.6.3 a 9 0-l)naatorated Oximes 

While the reduction of crotonaldoxime (LXVIII) is reported (26) to yield 
the unsaturated amine, Larsson (66) found that reduction of cinnamaldoxime 
(LXIX) gives the saturated amine. Walter, however, has been able to 
isolate the unsaturated amine in good yield (80). 


T AH 

RCH=CHC=NOH RCH=CHCH a NH J or RCH a CH a CH a NH 2 

LXVIII: R - CHj (12-57) 

LXIX: R « C c Hi 

The reduction of the oxime of benzalacecone (LXX) has been reported 
to yield the unsaturated amine (80). 

CfHgCH 5 -CHCCHj C 6 HgCH =CHCHCH, 

" ^ ‘ (12-58) 

NOH NH a 

LXX 


Tarbell and Bill (83) have reported that the LAH reduction of the oxime 
of 4,5-benztropolone methyl ether (LXXI) followed by acetylation yields 
5-acetaminobenzsuberone-4 (LXXII). The 4,5-benztropolone nucleus has 
been shown to possess many of the properties of a phenol. 



12.6.4 Selective Redaction* 

Felkin (45) found that by the addition of an ethereal LAH solution, 
containing the theoretical quantity of reducing agent, to a solution of a 
keto aldoxime at room temperature it is possible to selectively reduce 
'the carbonyl function without affecting the oxime grouping. 

H H 

C(H(COC“NOH C,H,CHC S ‘NOH ( l2,60) 


OH 
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'Reduction carried out in tetrahydrofutan. 

*F. A. Hocbstein, J. Am. Cbem. Soc.. 71, 305 (1949). 

"A. Funite and C. Fine, Bull. soc. chim. France, [ 5 ] IB, 832 (1951). 
*M. Kopp, Compt. rend.. 235, 247 (1952). 
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Similarly, he selectively reduced the ester group in the oxime of 3-car- 
bethoxy-3-ethyl-2-pentanone (LXXIII) without attacking die oximino 
grouping. 

CH,C - CCCjH,), CHjC 

! II I (12-61) 

NOH COOCjH. NOH CH,OH 

LXXin 


12.7 UREAS 

Treatment of N.N’-di phenyl ure a with an ethereal LAH solution for 30 
hours is reported to yield a 78% recovery of starting material (68). 

The two-stage reduction of hydantoins with LAH is discussed in Sec¬ 
tion 10.3.3.a. Reduction of 3-phenyl- and 3-methyl-5-phenylhydantoin 
(LXXIV) with ethereal LAH yields the 2(3HHmidazolone (LXXV). The 
urea grouping in LXXV is reduced with difficulty, by prolonged refluxing, 
to the imidazole (LXXVI) (84). 


H 

N 

H/ \ 

C.H,—C C=0 

I I 

0=C-NR 

LXXIV 


H 

A 

C.H.C C=0 

II I 

HC-NR 

LXXV 


A 

G.H.C CH 

HC-NR 

LXXVI 


(12-62) 


The hydantoin nucleus is resistant to attack by sodium borohydride. 

The resistance of the urea grouping in semicarbazones to attack by 
lithium borohydride is discussed in Section 12.16.4. 


12.B NITROGEN OXIDES 

The reduction of benzo[c]cinnoline N-oxide (LXXVII) with LAH yields 
benzo[c]cinnoline (83). 




(12-63) 


This reaction actually involves the reduction of an azoxy group (Section 
12,13.2). 
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The reduction of pyridine-N-oxide-^azo-p-dimethylaniline (LXXVIII) 
yields pyridine- 2- azo-p-dim ethyl aniline (86). 




LAH 


LXXVIII 



(12-64) 


12.9 NIHtOSO COMPOUNDS 
12.9.1 C-Nllroso Compoonds 

The reduction of aromatic nitroso compounds is reported to consume 
one-half mole of LAH per mole of nitroso compound to yield the correspond¬ 
ing azo compound (87). Gilman and Goreau have shown that the color 
test devised for aromatic nitro compounds is applicable to nitroso deriva¬ 
tives (88). 

The LAH reduction of p-nitrosodimechylaniline (LXXIX) yields 80% of 
4,4'-bis(dimethylamino)azobenzene (12 f 89). 


(CH,) a N 



LAH 


LXXIX 



(12-65) 


12.9.2 Nitrosamlnes 

The reduction of disubstituted nitrosamines with an ethereal LAH so¬ 
lution yields unsymmetrical disubstituted hydrazines. 

R a NNO R a NNH a (12-66) 

This method has been utilized in the preparation of the following hydra¬ 
zine derivatives with the indicated yields: 
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% Yield 

Ref. 

N V N-Dimethylhydrazine 

7B 

90 

NpN-Diechyl hydrazine 

49 

91 

N,N-Di-7i-propylhydraziiie 

76 

91,92 

NpN-Di-rr-butylhydrazine 

46 

91,92 

N, N-Di-n-amy Ihy dr az in e 

65 

91,92 

NpN-Dicyclohexyihydrazine 

48 

93 

N, N-Pe n tame thylene hydrazine 

75 

93 

N-Me thy 1-N-phe ny 1 hydra zi n e 

77 

93 

N P N-Diphenyl hydrazine 

90 

94 


While dialkyl, alkylaryl, dialicyclic, and cyclic nicrosamines are readily 
reduced to the corresponding hydrazines using LAH, the course of the 
reduction of diaryl nicrosamines is influenced by the quantity of LAH. 
The addition of N-nitrosodiphenyl amine to excess LAH yields diphenyl* 
amine (90). 


(C.H B ) a NNO (C 6 H B ) a NH (12-67) 

By using equimolar quantities of reactants N.N-diphenylhydrazine is ob¬ 
tained in 73% yield along with approximately 20% of diphenylamine. The 
yield of hydrazine is increased to more than 90% by inverse addition 
(94). The course of the reaction is represented by: 

2 (C,H l ) 1 NNO + 2 LiAlH, —► [(C.H.^NN^LiAl + LiAlO, + 2 H, 

|",o 

2 (C 6 H B ) a NNH a + LiA10 2 (12-68) 

Hanna and Schueler (93) have postulated that the greater polarity of the 
nitrogen-oxygen bond as compared to the nitrogen-nitrogen bond results 
in initial attack at the former position. The polar character of the nitro¬ 
gen-nitrogen bond is presumably enhanced by aromatic rings so chat ex¬ 
cess LAH readily converts the diarylnitrosamine to the di aryl amine. 

The reduction of an N,N-dialkylnitrosamine to the hydrazine may be 
carried out with zinc and acetic acid when the alkyl group is methyli 
ethyl or propyl. The procedure yields the dialkylamine as the main prod¬ 
uct when higher alkyl groups are present (92,93). 


12.10 ALIPHATIC NITRO COMPOUNDS 

12.10.1 Reductions with Lithium Aluminum Hydride 

The LAH reduction of aliphatic nitro compounds consumes one and 
one-half moles of hydride per mole of nitro compound to yield the cor 
responding amine (11-13), according to the equation: 
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2 RNO, + 3 L 1 AIH 4 —*• (RN^LiAl + 2 LiAlO, + 6 H, 


2 RNH, + LiOH + Al(OH), (12-69) 

12 .10.1.a Saturated Nitro Compounds. Nystrom and Brown (13) re¬ 
ported that undiluted nitromethane reacts with LAH at room temperature 
with explosive violence while higher aliphatic nitro compounds are less 
reactive. The reduction of 2-nitrobutane gives 85% of 2-aminobutane 
( 12 , 13 ) while phenylnitromethane yields 91% of benzylamine ( 96 ). 

The addition of an ethereal solution of 2-benzyIthio-2-phenylnitro- 
ethane (LXXX) to an ethereal LAH solution results in a 56% yield of the 
corresponding amine isolated as the hydrochloride (97). 


C.H.CHCH^O, lah C»H,CHCH J NH J 


SCH,C»H, 

LXXX 


SCH.C.H, 


(12-70) 


The reduction of LXXX with iron and hydrochloric acid yields 11% of the 
amine hydrochloride. The LAH reduction of 1 -ethylrhio-l-nitromethyl- 
cyclohexane (LXXXI) yields the substituted aminomethylcyclohexane 
(97). 


CH a NO a 

SC,H, 


H,NHj 


(12-71) 


LXXXI 


The LAH reduction of l-pbenyl-2-nitropropane (LXXXII) followed by 
hydrolysis with an aqueous sodium potassium tartrate solution yields 
^-phenylisopropylamine (98). 


C ( H,CH 1 CHNO a 


C ( H ( CH a CHNH a 


(12-72) 


LXXXII 

The reduction of l-anilino-l-phenyl-2-nitroethane (LXXXIII) gives die ex¬ 
pected diamine in low yield, with N-benxylaniline being formed in larger 
amounts than that of die desired amine (27). 

C*H,CHCH a NO a C.H,CHCH a NH 1 C,H l CH a NHC,H, 

J I + (12-73) 


NHC.H, 

LXXXIII 


NHC.H, 
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Catalytic hydrogenation of LXXXI1I over a platinum oxide catalyst also 
gives the diamine in low yield, with aniline and N-benzylaniline as the 
predominant products. It is of interest that the products represented in 
equation (12-73) are also obtained by the LAH reduction of 2-anilino- 
phenylacetonitrile (27). 

Reduction of methyl 4-methyl-4-nitropentanoate (LXXXIV) yields the 
expected amino alcohol (99). 

CH, CH| 

CHjCCH,CH 2 COOCH, LAH CH.CCHjCHjCH.OH (12-74) 

NO a NH S 

LXXXIV 

12.10.1.b Nitroolefins . The LAH reduction of 0l,/3-unsaturated nicro 
derivatives, as in jS-nitrostyrene (LXXXV) results in the formation of the 
saturated amine in good yield (11,13). 

f iu 

C 6 H b CH =CHNO a C e H 8 CH a CH a NH a (12-75) 

LXXXV 

This reaction has had wide application in the synthesis of substituted 
jS-phenylethylamines. The LAH reduction of 0-nitrostyrenes to j8-phenyl- 
ethylamines is summarized in Table LXXVIII. 

As indicated in Table LXXVIII, the synthesis of alkoxy derivatives 
has had the major emphasis due to the relationship between these com¬ 
pounds and the cactus alkaloids, specifically mescaline. The latter, 
j8-(3 f 4,5-trimethoxyphenyl)ethylamine (LXXXVI), has previously been 
synthesized in two steps with an overall yield of 25% according to the 
following scheme (100): 



T YYYVI 
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The one step reduction with LAH is reported to proceed in 74-8 6% yield 
(101-103). The major disadvantage in the LAH reduction of j 8 -nitro- 
styrenes is the long reaction time necessitated by the low ether solubility 
of many of the starting materials. 

The LAH reduction of j8-methyl-/9-nitrostyrenes also yields the satu¬ 
rated amines. Thus, 1-phenyl-2-nitro-l-propene is reduced to /3-phenyl- 
isopropylamine, isolated in 89% yield as the picrate ( 101 ), and l-(3,4- 
dimethoxyphenyl)- 2 -nitro- 1 -propene yields /3-(3,4-dime thoxyphenyl)iso- 
propylamine (104). The reduction of a-nitrostilbene (LXXXVI1) yields 
1 , 2 -diphenylethylamine (96). 


CtH § CH=C C|H b 

NO, 

LXXXVH 


LAH 

74% 


C e H|CH a CHC fl H l 

NH a 


(12-77) 


The LAH reduction of heterocyclic nitroolefins in the thiophene and 
thiazole series to the heterocyclic alkylamines is summarized in Table 
LXXIX. 

a In the alicyclic series, Ashley and Davis (105) reported that the LAH 
reduction of 3-cyclohexyl-2-nitro-2-propen-l-ol (LXXXVIII) gives the 
saturated amino alcohol. 


cr 


CCH,OH 
I 


LAH. 


NO, 

LXXXVIII 


c y 


CHjCHCHjOH 
NH, 


(I2-7B) 



TABLE LXXIX 
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Gilsdorf and Nord (98) have carried out a detailed study of the reverse 
addition of LAH to l-phenyl-2-nitro-l-propene (LXXXIX) and have iso¬ 
lated a variety of products by varying the reaction temperature and the 
ratio of reactants. The stepwise course of the reduction has been dem¬ 
onstrated by the isolation of the amine, hydroxyl amine, oxime and nitxo- 
paraffin. Addition of an amount of LAH, calculated as sufficient for the 
reduction of the nitro group, to an ethereal solution of LXXXIX main¬ 
tained at — 30 to —40°, followed by hydrolysis with an aqueous sodium 
potassium tartrate solution affords a 44% yield of /8-phenylisopropylamine 
(XC) and a 23% yield of N-(/3-phenylisopropyl)hydroxylamine (XCI). 

CACH—CCH, C B H B CH 2 CHCH t C.H.CHjCHCH, 

I -*• I + I (12-79) 

NO, NH, NHOH 

LXXXIX XC XCI 

The hydroxyl amine is convertible to the amine by a further reduction with 
LAH. When the reverse addition at —30 to -40° is carried out with an 
amount of LAH calculated as one-half of chat necessary for reduction of 
the nitro group, in addition to an 8% yield of the amine and 34% of the 
hydroxylamine, phenylacetoxime (XCII) is isolated in 16% yield. 

C a H i CH=CCH 1 
NO a 

LXXXIX 

CeH.CHaCHCH, C i H i CH 1 CCH 1 

| + || (12-B0) 

NHOH NOH 

XCI XCII 

The mixture of XCI and XCII was incorrectly described as benzyl methyl 
ketimine in a preliminary communication (106). When the reverse addi¬ 
tion at -40° to -30° is carried out with a slight excess of LAH over the 
amount required for the reduction of the double bond, hydrolysis with so¬ 
dium potassium tartrate gives the nitroparaffin, l-phenyl-2-nitropropane 
(XCIH), which is further reducible to the saturated amine by a normal 
LAH reduction. 

CeHgCHaCHCHa 

| ( 12 - 81 ) 

NH a 

XC 

The overall course erf the reduction has been outlined as in Flow Sheet 
IV wherein all hydrolyses are carried out with aqueous sodium potassium 
tartrate. 



C e H,CH a CHCH, 

NHa 

XC 
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In a similar manner, addition of an amount of LAH calculated as one- 
half of that necessary to reduce the nitro group, to an ethereal solution 
of /S-nitrostyrene (XCIV) at -30 to -40°, followed by an aqueous sodium 
potassium tartrate hydrolysis, results in a 6% yield of /3-phenylethyl- 
amine, 16% of phenylacetaldoxime and 33% of N-(/3-phenylethyl)hydroxyl- 
amine (96). 

C i H,CH=CHNO a -► CgHiCHjCHjNHj + 

XCIV 


CgH,CH a CH=NOH + C.H.CHaCHgNHOH (12-82) 


The mixture of the oxime and hydroxylamine was erroneously reported as 
phenylacetaldimine in the preliminary communication (106). 

By employing acidic hydrolysis of the intermediate organometallic com¬ 
plex obtained by reverse addition at —40 to -50° p the product is an 
Ot-aryl ketone (98,106). The latter is assumed to arise by a modified Nef 
reaction after selective reduction of the double bond of the nitroolefin. 
The corresponding N-(jS-aralkyl)hydroxylamine is also obtained in low 
yield. 


ArCH=CR ArCHgCR ArCH a CHR 

1 l * LAH - II + I (12-83) 


NO, 


2. HC1 


NHOH 


XCV 


This method has been shown to be generally applicable for the synthesis 
of carbonyl compounds from jS-arylnicroolefins (98). The following nitro- 
olefins have been created in this manner: 


% Carbonyl Compound 


l-Pbenyl-2-nitro-l-propene 29 

1-Phenyl-2-oitro-l-bucene 62 

l-Phenyl-2-nitro-l^>encene 52 

l-O’Chlorophenyl-2-nitro-l-pentene 62 

l-(2-Thienyl>2-nitro-l-propene 43 

jS-Nitroatyrene 0*5 


While the yields of ketones are generally good, in the reduction of /9-nicro- 
styrene the yield of phenylacetaldehyde is very low. While the mechanism 
of reduction is still comparable the ease of hydrolysis may be responsible 
for the low yield. 

The reduction of a nitroolefin in which the double bond is considerably 
removed from the nitro group yields the expected unsaturated amine. 
Thus, reduction of 2-nitrooctadec-4-ene-l,3-diol (XCVI) yields 2-amino- 
octadec-4-ene-l,3-diol (107). 
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CH,(CH 1 ) lJ CH=CHCH —CHCH a OH 

OH NO a 
XCVI 


CH 1 (CH 1 ) ll CH=“CHCH—CHCH.OH 
OH NH, 


(12-84) 


The reduction of the unconjugated 1-nitromethylcyclohexane (XCVII) 
unexpectedly yields the saturated aminomethylcyclohexane (28,42). 



XCVII 



(12-85) 


The reduction of the double bond in this reaction is attributed to the con¬ 
jugation existing in the tautomeric form (XCVIII) (28): 



XCVIII 


( 12 - 86 ) 



12.10.1.C Reductive Cleavage. Kharasch and Cameron (108) reported 
that 1-nitroethyl p-tolyl sulfide (XCIX) yields the oxime (C) on LAH re¬ 
duction. The odor of p-thiocresol is detected in the reaction mixture. 



(12-87) 


C 


The reactions shown in equations (12-80), (12-82), and (12-87) are the 
only recorded instances of the LAH reduction of a nitro compound to an 
oxime. Catalytic hydrogenation of XCIX over Raney nickel or Adam’s 
catalyst results in no uptake of hydrogen in 48 hours. 

The LAH reduction of 1-nitroethyl p-tolyl sulfone (Cl) results in cleav¬ 
age of the carbon-sulfur bond to give an 80% crude yield of p-toluene- 
sulfinic acid (108). 
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The LAH reduction of l-anilino-l-phenyl-2-nitroechane to N-benzyl- 
aniline has been shown in equation (12-73). 


12.10.2 Reductions with Aluminum Hydride 


The milder reducing action of the aluminum hydride-aluminum chloride 
addition compound, as compared with LAH, permits the reduction of nicro- 
methane to methylamine in 79% yield (57). The proposed reaction mech¬ 
anism involves a two-stage addition of the hydride: 




\ 

OH 



+ ilH 


—NH—Oal -NH 2 


(12-92) 


12.10.3 Reactions with Sodium Borohydride 

The selective reduction of aliphatic nitroketones and nitroaldehydes to 
nitrocarbonyls can be carried out with sodium borohydride in aqueous 
methanol in neutral, basic or acidic media (111). The following nitro- 
carbonyl compounds have been subjected to this treatment: 4-nitro-l- 
butanal, 4-nitro-1-pen t anal, 4-nitro-4-methyl-l-pencanal, 4,4-dinitro-l- 
pentanal, 5-nitro-2-pentanone, 5-nitro-2-hexanone, 5-nitro-5-methyl-2- 
hexanone, 5,5-dinitro-2-pentanone p 5,5-dinitro-2-hexanone. 


12.11 AROMATIC NITRO COMPOUNDS 

12.11.1 Reductions with Lithium Aluminum Hydride 

The reduction of aromatic nitro compounds with LAH usually yields 
azo derivatives (11-13) according to the overall equation: 

2 ArN0 2 + 2 LiAlKL —> Ar—N=N—Ar + 2 LiAlO, + 4 H a 

(12-93) 

Nystrom and Brown (13) observed that the immediate appearance of the 
azo color upon adding an aromatic nitro compound to an LAH solution at 
room temperature constitutes a simple test for the nitro group. This ob¬ 
servation has been made the basis of a qualitative test for aromatic nitro 
and nitroso compounds by Gilman and Goreau (88) and Nelson and Las- 
kowski (112), as discussed in Section 5-3- 

The reduction of various aromatic nitro compounds to azo compounds 
is summarized in Table LXXX. Brown (113) has observed that mixtures 
of LAH and certain aromatic nitro compounds darken when exposed to air 
with subsequent reduction in the yield of azo compound. 

Kvasnicka (114), in a short review on the reduction of organic com¬ 
pounds with complex borohydrides, compared LAH and sodium borohydride 
and indicated that m-nitrobenzaldehyde (CVII) is reduced with LAH to 
”>-aminobenzyl alcohol. However, the source of this reference was not 
indicated nor can any reference to such a reduction be found. The reduc- 
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’Product not further identified. 

B G. Carr arm, E. Pace, and G. Cristiani, /. Am. Chem. Soc., 74, 4949 (1952). 

•G. M. Badger, J. H. Seidler, and B. Thomson, ]. Chem. Soc ., 1951, 3207. 

“R. F. Nystrom, unpublished work, through W. G. Brown, in Organic Reactions, Vol. VI, p. 469. 
**A. K. Macbeth and J. S. Shannon, ]. Chem. Soc., 1952, 4748. 
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tion of CVII with an ethereal solution of LAH actually yields the ex¬ 
pected m t m '-azobenzyl alcohol (115). 



(12-94) 


CVII 


Barton and Rosenfelder (116) carried out the LAH reduction of the mix¬ 
ture of p-nitrobenzoates obtained by the reaction of isodehydrocholesteryl 
p-nitrobenzoate and mercuric acetate. Since the steroidal moiety was the 
focus of attention in this investigation the fate of the aromatic nitro 
group was not reported. Similarly, the reduction of (—)-pulegyl p-nitro- 
benzoate yields (-)-pulegol and a solid azo alcohol which was not further 
identified since the subject of the investigation was the pulegol (117). 
Based on the expected behavior of the nitro group the product in both 
cases should be the p f p'-azobenzyl alcohol. 

Although LAH reduction of nitro compounds according to equation 
(12-93) involves the participation of two molecules of such compounds, 
in the case of 2,2'-dinitrodiphenyl (CVIII) formation of the azo group is 
intramolecular (13,85). 



CVIII 


LAH. 



(12-95) 


Ried and Muller (68) reported that the reduction of 4,4'-dinitroazo- 
benzene (CIX) with LAH in a tetrahydrofuran-ether mixture gives 55% of 
4,4'-diaminoazobenzene with no evidence of polyazo compounds. 



CIX 



( 12 - 96 ) 


Wiberg and Jahn (57) have shown that the LAH reduction of p-nitrotoluene 
yields 65% of p-azotoluene and 10% of p-toluidine. This is the only other 
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case of the formation of an amine in the LAH reduction of an aromatic 
nitro compound. 

Felkin (45) found that the inverse addition of the calculated amount of 
LAH permits the selective reduction of an ester group without attacking 
an aromatic nitro group. This technique has been utilized in the reduc¬ 
tion of the following compounds without reducing the nitro group: ethyl 
p-nitrobenzoate (45), ethyl p-nitrophenylacetate (45), ethyl ester of DL- 
p-nitrophenylalanine (118), ethyl ester of /3-p-nitrophenylserine (119), 
ethyl ester of DL-eryf£ro-j8-p-nitrophenylserine (120), ethyl ester of 
D-ery*f>ro-/8-p-nitrophenylserine (120), ethyl ester of L-eryrtro-j9-p-nitro- 
phenylserine (120), ethyl ester of N-dichloroacetyl-O-acetyl-p-nitrophenyl- 
serine (121), frans-2-methyl-4-carbethoxy-5-p-nitrophenyloxazoline (122), 
trans-2-dichloromethyl-4-carbethoxy-5-p-nitrophenyloxazoline (122), irons - 
2-phenyl-4-carbethoxy-5-p-nirrophenyloxazoline (122), Ol-acetamido-p- 
nitrocinnamaldehyde (123). 

Carrara, Pace, and Cristiani (120) reported that the selective reduction 
of the ethyl ester of cry rf>ro-/3-p-nitropheny Is erine with LAH yields 
ery ffpro-p-nitropheny 1-2-amino-1,3-propanediol in excellent yield. At¬ 
tempts to apply die same selective reduction to the ethyl ester of threo- 
DL-/S-p-nicrophenylserine and its optical antipodes, under a variety of 
conditions have failed to yield the expected diols but have given red oils 
whose reactions are characteristic of azo compounds. 

12.11.2 Reductions with Aluminum Hydride 

In contrast to reduction with LAH, the use of the aluminum hydride- 
aluminum chloride addition compound results in the reduction of aromatic 
nitro compounds to amines. Thus, the reduction of p-nitrotoluene yields 
72% of p-toluidine accompanied by a few per cent of the azo compound 
(57). The proposed mechanism of reduction is the same as in the case of 
the aliphatic compounds, equation (12-92). 

12.11.3 Reactions with Sodium Boro hydride 

The aromatic nitro group is resistant to attack by sodium borohydride. 
Thus, reduction of m-nitrobenzaldehyde (CVII) with the borohydride in 
methanol yields 82% of m-nitrobenzyl alcohol (60). 


w«bh 4 

NO a 

CVII 

The aldol condensation product from p-nitrobenzaldehyde and Ol-phthal* 
imidoacetaldehyde (CX) i9 reduced with sodium borohydride in methanol 
to the corresponding propanediol without attacking the aromatic nitro 
group (124). 



CHO 
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CX CXI 

Similarly, Ot-acylamido-jS-hydroxy- and acetoxy-p-nitropropiophenones 
(CXI) are reduced co l-p-nitrophenyl-2-acylamido-l,3-propanediols (125). 

12.11.4 Reactions with Potassium Boro hydride 

The non-reduction of the nitro group in CX (124,126) and CXI (125) is 
also observed with the use of potassium borohydride in aqueous methanol. 
The reduction of ethyl p-nitrobenzoate with a mixture of potassium boro¬ 
hydride and lithium chloride is discussed in Section 12.11.5. 


12.11.5 Redactions with Lithium Borohydride 

When nitrobenzene is refluxed for 18 hours in an ethe> tetrahydrofuran 
mixture with excess lithium borohydride, 30% of nitrobenzene is recovered 
as well as 22% of aniline and 30% of an intractable dark red oil (127). 
The reduction of ra-nitroacetophenone (CXII) with lithium borohydride in 


tetrahydrofuran, with ice cooling, yields l-(m-nitrophenyl)ethanol (127). 

O OH 



NO, NO, 

CXII 

The reduction of p-nitrobenzyl chloride (CXIII) and 5-chloromethyl-l- 
nitronaphthalene (CXIV) with lithium hydride and a little lithium boro¬ 
hydride in tetrahydrofuran yields 72% of p-nitrotoluene and 67% of 5- 
methyl-l-nitronaphthalene, respectively. In both cases 8-20% of the azo 
compound accompanies the nitro derivative (65). 


NO, 



CH,C1 

CXIII CXIV 
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The reduccion of ethyl p-nitrobenzoate (CXV) with a mixture of potas¬ 
sium borohydride and lithium chloride in tetrahydrofuran yields 86% of 
p-nitrobenzyl alcohol (128). 



12.12 HYDROXYLAMINE DERIVATIVES 

The only reported LAH reduction of a hydroxylamine derivative is that 
of the conversion of N-(jS-phenylisopropyl)hydroxylamine (CXVI) to j9- 
phenylisopropylamine (98). 


C.HgCHaCHCH, 

NHOH 

CXVI 


LAH 
377. ' 


CgHgCHjCHCHj 

NH a 


( 12 - 100 ) 


12.13 AZO AND AZOXY COMPOUNDS 
12.13.1 Azo Compounds 

Nystrom and Brown (13) reported chat azobenzene is noc reduced with 
LAH at 23°. The isolation of the azo derivative from the reduction of 
aryl nicro, nitroso and azoxy compounds is indicative of the resistance of 
the azo group to LAH reduccion. 

The azo group remains intact in the LAH reduction of 2-methyl-3 
car boxy azobenzene (CXVII) (129)» 4,4'-dinitroazobenzene (CXVIII) (68) 
and pyridine-N-oxide-2-azo-p-dimethylaniline (CXIX) (86). 



r.yjy 
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Bohlmann (130) has reported that azobenzene (CXX) is reduced with 
LAH to hydrazobeitzene after three days reaction time. 

LAW 

C # H g N=NC i H, - 55 ^ C^NHNHC^, (12-101) 

CXX 

By building the azo group into an aromatic system it becomes reducible 
with LAH. Thus, benzo[c]cinnoline (CXXI) is reduced with LAH, after 
three hours, to a dihydro derivative whose sensitivity does not permit its 
isolation. It is identified by its reducing action on a neutral silver salt 
solution. 


N=N 

CXXI 


Bohlmann has postulated that the reduction of CXX and CXXI proceeds in 
the polar forms. 

Ried and Muller (68) have found that the reaction of C,N,N'-triphenyl- 
formazan (CXXII) in an echer-tetrahydrofuran solution with excess LAH 
results in a reductive cleavage of the nitrogen-nitrogen double bond to 
6>-phenylbenzamidrazone and aniline. 



LAH 


NH. 


—NHC.H, 


+ C.H.NH, (12-102) 


12.13.2 Azoxy Compounds 

The reduction of azozybenzene (CXXIII) with LAH yields azobenzene 
in almost quantitative yield (12,13). 

C,H 1 N=NC*H 1 C,H^=NC,H, (12-103) 

O 

CXXIII 

The reduction consumes one-half mole of LAH (13.81) according to the 
equation: 


2 


ArN=NAr + LiAlH, 
I 
O 


2 ArN=NAr + LiAlO, + 2 H, (12-104) 
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In contrast, azoxycyclohexane is reported to undergo no reduction with 
LAH in refluxing ether (131). Catalytic hydrogenation over platinum 
oxide in the presence of methanolic hydrogen chloride yields N,N'- 
di cy clohe xy lhy dr afcine. 

The LAH reduction of benzo[c]cinnoline N-oxide (CXXIV) to benzo- 
[clcinnoline (83) involves the reduction of a cyclic azoxy compound (equa¬ 
tion (12-63). 


12.14 AZIDES AND DIAZO COMPOUNDS 


12.14.1 Azides 

The reduction of aliphatic and aromatic azides with LAH yields pri¬ 
mary amines (132), according to the equation: 

4 RN, + LiAlH* —> (RNH) 4 AlLi + 4 N a 

|h,o (12-105) 

4 RNHj 


The reduciion of OC-azidoketones yields OC-aminocarbinols. 


2 RCCH,Nj + LiAlH, 
O 


RCHCHjNH 

| AlLi + 2 N, 

O 

2 

I H -° 


rchch 2 nh 2 

I 

OH 


(12-106) 


These reactions have been applied to the following azides (132): 


Azide 

Produce 

7t Yield 

yS-Phenylechyl azide 

yS-Phenylechylamine 

B9 

a-Naphthylazide 

a-Naphthylamine 

79 

Triazoace cone 

l-Amino-2-propanol 

48 

Phenacyl azide 

1-Phenyl- 2-ami noethanol 

49 


12.14.2 Diazo Compounds 

12.14.2.a Reductions with Lithium Aluminum Hydride . Ried and 
Muller (68) have reported that LAH reduction of diazoacetic ester (CXXIV) 
yields 72% of ethanolamine. In addition small amounts of other products 
are formed, which have not been identified but which are postulated as a 
mixture of hydrazinoethanol and hydraziethanol. 
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C J H,OCOCH 1 N 1 

cxxrv 


LAH 


HOCHjCHjNHj 


(12-107) 


Gruber and Renner (133) have examined the reduction of various diazo¬ 
ketones. Diazoacetophenone (CXXV) is reduced with LAH to 93% of 
l-phenyl-2-aminoethanol and 5% of acetophenone. 


C.H.COCHN, 

CXXV 


ta u 

C 6 H,CHCH a NH a + C a H l COCH l 
OH 


(12-10B) 


Catalytic hydrogenation over platinum gives 21 to 50% ketone with no 
aminoalcohol or other products. Reduction over platinum oxide gives 
15% ketone, 3% aminoalcohol and 47% of 2,5-diphenylpyrazine resulting 
from self-condensation of the aminoketone. 

LAH reduction of the diazoketone from stearic acid, 1-diazononadecan- 
2-one (CXXVI), affords l-aminononadecan-2-ol in 99% yield. 

f *U 

CH a (CH a ) l6 COCHN a CH 1 (CH a ) 16 CHCH a NH 2 (12-109) 

CXXVI OH 

Reduction of the diazoketone from sebacic acid, 1,12-bis-diazododecan- 
2,11-dione (CXXVII), with LAH by an extraction technique, yields 24% of 
dodecan-2 l ll-dione and a resinous residue but no amino alcohol. 

TAU 

N a CHCO(CH a ).COCHN a CH t CO(CH 2 ) t COCH 2 (12-110) 

CXXVII 

Both CXXVI and CXXVII are catalytically reduced over platinum oxide to 
the ketone without the isolation of aminoalcohol. 

LAH reduction of the diazoketone from veratric acid, 3,4-dimethoxydi¬ 
azoacetophenone, has given no definite product. 

12.14.2.b Reductions with Sodium Borobydride . Chaiken and Brown 
have reported that the reduction of benzene diazonium chloride with so¬ 
dium borohydride yields a mixture of benzene, aniline and phenylhydra- 
zine (60). 

C fl H|N a Cl C«H 6 + C 6 H a NH a + C.H.NHNH, (12-111) 


12.15 QUATERNARY AMMONIUM SALTS 

12.15.1 Redactions with Lithlam Aluminum Hydride 

12.15.1.a Reduction to o-Dibydro Derivatives . Schmid and Karrer 
(134) reported that the reduction of quinoline methiodide (CXXVIII) with 
LAH in ether gives 1-methyl-1,2-dihydroquinoline. 
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The reduction of isoquinoline methiodide gives 2-methyl-l,2-dihydroiso- 
quinoline. Various quaternary salts which have been reduced with LAH 
to yield the corresponding N-alkyl-1,2-dihydro derivatives are tabulated 
in Table LXXXI. 


TABLE LXXXI 

LAH Reduction of Quaternary Salts (134) 

Quaternary Salt % 1,2-Dihydro Compound 


Quinoline methiodide 

37 

Quinoline rr-buciodide 

43 

2-Phenyl quinoline methiodide 


Isoquinoline methiodide 

70 

Isoquinoline irbutiodide 

76 

1-Phenylisoquinoline methiodide 

66 

Phenanthridine methiodide (133) 

.... 

Papavarine methiodide (134,136) 

29 

Berberine sulfate 

100 


Karrer (137,138) has shown that the action of LAH is similar to that 
of the Grignard reagent since organomagnesium compounds react with 
quaternary salts of cyclic bases to give N-alkyl-o-dihydro derivatives. 



(12-114) 
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The reduction of berberine sulfate (CXXX) to dihydroanhydroberberine 
(CXXXI) indicates that the nature of the anion apparently does not affect 
the reduction. 




CXXXI 


(12-115) 


Schmid and Karrer (134) have postulated that the reduction proceeds ac¬ 
cording to the following scheme wherein the unstable ammonium hydride 
(CXXXII) is stabilized through the mesomeric form (CXXXUI) to a 1,2- 
dihydro derivative in which the proton migrates from the nitrogen atom to 
the nucleophilic alpha-carbon atom. 





(12-116) 


cxxxra 
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Karrer and Krishna (138-140) reported that the reaction of LAH in 
tetrahydrofuran with thiamine (CXXXIV) yields about 14% of dihydro¬ 
thiamine (CXXXV), m.p. 138° (see Section 12.15.3). 


N=CH 


/ 


C„. CH.CH.OH 

c-C 


CH,C c —CH a — r 

II II / 

a c- 


N—CNH, 


H 


CXXXIV 


LAH 


CH, CHjCHjOH 
N—CH J;—.]; 

CH,C C—CH a — N, (12-117) 

II II > 

N—CNH, 

Ha 


CXXXV 

The reduction of CXXXIV with sodium hyposulfite results in cleavage to 
the thiazole and pyrimidine components (141). 

Oxidation of the alkaloid emetine, for which structure CXXXVI has 
been advanced (142,143), with mild oxidizing agents such as ferric chlo¬ 
ride, bromine, iodine or mercuric acetate, yields rubremetinium salts for 
which Battersby, Openshaw, and Wood have advanced structure CXXXVI1, 
a resonance hybrid structure in which the positive charge is shared be¬ 
tween the two nitrogen atoms (144,143)* 



CXXXVT 
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CXXXVII 

Karrer, Eugster, and Ruttner (146) proposed structure CXXXVIII for 
rubremetinium salts and criticized structure CXXXVII on the grounds that 
it contains two O-dihydropyridine rings (D and E) which should be highly 
susceptible to oxidation under the conditions of the preparation by heat¬ 
ing emetine with excess bromine or iodine (147). Openshaw and Wood 
(148) have replied that ring E is part of the 3,4-dihydroisoquinoline sys¬ 
tem, the stability of which is well known. 

Karrer and Ruttner (147) reported that the reduction of rubremetinium 
bromide (CXXXVIII) with LAH in ether gives a crystalline compound, 
m.p. 157-158 °, which analyzes as a dihydrorubremetine, C 29 H m 0 4 N 2 . By 
analogy with the reduction of simple isoquinolinium salts the product, 
o-dihydrodehydroemetine, was assigned structure CXXXIX. 



CXL 


OCH, 

( 12 - 119 ) 
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On catalytic reduction the o-dihydrodehydroemetine absorbed one mole of 
hydrogen to give a mixture of tetrahydrorubremetines v one of which is 
identical with that obtained by zinc dust reduction of CXXXVIII. This 
product, m.p. 134 °, tetrahydrodehydroemetine, was assigned structure 
CXL. The second product, m.p. 194 °, iso tetrahydrodehydroemetine, 
which has the same ultraviolet absorption spectra as CXL, is strongly 
laevorotatory, [oc] D -380°. 

Openshaw and Wood (148) carried out the hydrogenation of rubremetinium 
chloride in ethanol, in the presence of sodium acetate and platinum oxide. 
One mole of hydrogen was absorbed and the product consisted of a mix¬ 
ture of two stereoisomeric di hy dr orubr erne tines, the a -isomer having [cx] D 
-395°, m.p. 198°, and the /8-isomer [otl D +406°, m.p. 202°. The prop¬ 
erties of the isomers were considered consistent with structure CXLI, 
the formation of two isomers being due to the formation of a new asym¬ 
metric center in the reduction. 




CXXXVII CXLI (12-120) 

The interpretation of the LAH reduction of the rubremetinium salt has 
been questioned since reduction of CXXXVIII to CXXXIX introduces a 
new asymmetric center, but only one crystalline product was isolated. 
The further hydrogenation of this apparently homogeneous product gave 
rise to two isomeric tetrahydro compounds, although no new asymmetric 
center is formed in this reaction. These two compounds have absorption 
spectra identical with that of Otrdihydrorubremetine and one of them, iso- 
tetrahydrodehydroemetine, resembles this substance in its melting point 
and exceptionally high laevorotation as well as its analysis. 

In view of the confusing information, Tietz and McEwen (149) set out 
to repeat the reduction procedures for rubremetinium chloride. Hydro¬ 
genation of rubremetinium chloride by the method of Openshaw and Wood 
(148) resulted in the absorption of two moles of hydrogen, the second 
mole in a period greater than 100 hours. Two products were obtained 
from the hydrogenation. One, m.p, 196.2-197.2°, [ot] D —392°, corre¬ 
sponds to a-dihydrorubremetine and to isotetrahydrodehydroemetine, and 
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the second, m.p. 132.0-132.8° corresponds co tecrahydrodehydroemetine. 
By interrupting the hydrogenation after one mole of hydrogen was ab¬ 
sorbed, jS-dihydrorubremetine, m.p. 201.5-202.5°, [oc] D +402°, was 
isolated. 

Reduction of rubremetinium chloride, first by treatment with LAH, then 
catalytically with hydrogen, according to the method of Karrer and Ruttner 
(147), gave two products. One, m.p. 195.0-195.6°, corresponds to iso- 
tetrahydrodehydroemetine and is identical with OC-dihydrorubremetine. 
The second product, m.p. 131.4-132.4°, corresponds to tetrahydrode- 
hydroemetine and is identical with the product from the direct hydrogena¬ 
tion of rubremetinium chloride. Whereas Karrer and Ruttner reported that 
the product of the LAH reduction, o-dihydrodehydroemetine, took up one 
mole of hydrogen on catalytic hydrogenation, Tietz and McEwen observed 
the uptake of two moles of hydrogen and have suggested that o-dihydro¬ 
dehydroemetine, m.p. 156.5-157.5°, is the product of an elimination re¬ 
action. While structure CXLI is suitable for tetrahydrodehydroemetine 
and isotetrahydrodehydroemetine, Tietz and McEwen have proposed that 
Woodward’s structure for the rubremetinium cation (CXLU) accommodates 
the observed reactions. 


CjH, 


OCH s 

CXLII 

12.15.1 .b Displacement Reactions , The apparent influence of steric 
hindrance on the reduction of quaternary salts has been reported in 
several instances. Kenner and Murray (150) reported that the reduction 
of strychnine methosulfate (CXLIII) with LAH in tetrahydrofuran gives a 
62% yield of strychnine (CXLIV), in which an S N a displacement of the 
methyl group has occurred. 




O' 


CXLIII 


CXLIV (12-121) 
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As discussed in Section 10.2.1.b, Goutarel et aL (131) reported that 
the Hofmann degradation of gelsemine methiodide gives u des-N-methyl- 
gelsemine” while dihydrogelsemine methiodide gives v> des-N-methyldi- 
hydrogelsemine." Habgood, Marion, and Schwarz (132) and Prelog, 
Patrick, and Witkop (133) found that the products of the Hofmann degrada¬ 
tion are N(a^methylgeisemine derivatives and not des-N-methyl bases. 
Goutarel et al m (131) reported chat the LAH reduction of the methiodide of 
"des-N-methylgelsemine 1 * in dioxane gives the same product as the LAH 
reduction of the des-base. Similarly, LAH reduction of ,a des-N-methyl- 
dihydrogelsemine v> and its methiodide gives the same desoxo derivative. 
Formulating these reactions in terms of the revised structures: 



LAH 

73% 


CH, 

CXLV 



(12-122) 


CH, 

R:=CH, -CH, 

Here, as in the reduction of CXL1II a displacement of the methyl group 
has occurred. 

Forbes (154) has recently reported chat the LAH reduction of Schiff's 
base methiodides yields secondary amines. No equations were given but 
the reaction apparently is represented as in equation (12-123). 



CH=N—R' 
ch/ I 


LAH 


RCHaNHR' 


(12-123) 


Treatment of thebaine (CXLVI) with anhydrous magnesium iodide yields 
a product postulated as CXLVIl. Reduction of CXLVII with LAH P r0 " 
ceeds rapidly with the evolution of methane and the formation of a phe¬ 
nolic secondary amine postulated as CXLVIII (133). 
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12.15.2 Redactions with Sodium Borohydride 

The reduction of thiamine (CL) with sodium borohydride in a neutral 
aqueous solution at 0° has been reported to give in good yield a product,, 
m.p. 140°, which was originally postulated (136) as a dihydrothiamine. 
However, it was subsequently reported (157) that the reduction yields 
tetrahydrothiamine, accompanied by a small amount of di hydro thi amine 
11, m.p. 175°. The nature of dihydrothiamine II is discussed in Section 

12.15.3. 

A spectropho tome trie method for the assay of cozymase (Coenzyme I, 
diphosphopyridine nucleotide, DPN) (CXLIX) has been described, in¬ 
volving reduction with sodium borohydride to dihydrocozymase (158). 


H.NC — N. 



CXLIX 


Coenzyme II (triphosphopyridine nucleotide) has similarly been analyzed 
by borohydride reduction (159). 
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Tetramechylammonium borohydride has been prepared by che reaction of 
sodium borohydride with various quaternary salts (160) according to the 
equations: 


(CH.yTOH + NaBH« -> (CH,)«NBH« + NaOH (12-123) 


The following tetramethylammonium 
reaction; 

salts have been utilized 

Salt 

% Yield 

Hydroxide 

93 

Phosphate 

90 

Oxalate 

79 

Acetate 

86 

Chloride 

76 

Bromide 


Fluoride 

.... 


12.15.3 Redactions with Sodium lYlmethoxyborohydrlde 

Thiamine (CL) is reduced by sodium trimethoxyborohydride in aqueous 
methanol at —13° at pH 7 to dihydrothiamine I p m.p. 151°, in 40% yield. 
This material is identical with a purified sample of dihydrothiamine pre¬ 
pared by LAH reduction (equation 12-117). 


CH, CHjCHjOH 



H 


CL 


CH, CH a CH a OH 



( 12 - 126 ) 


Dihydrothiamine 1 is converted to dihydrothiamine II, after solution in 
hot water and extraction with chloroform. Infrared spectra and potentio- 
metric titration data indicate that dihydrothiamine II is formed from I by 
a ring closure in which the alcohol group adds to the double bond of the 
thiazoline ring (137). 


12.15.4 Redactions wHh Potass!am Borohydride 

The use of LAH in the reduction of quaternary salts has the disad¬ 
vantage of reducing, at the same time, other functional groups which may 
be present. Further, the quaternary salt may not be soluble in the ethe¬ 
real solvent utilized in LAH reactions. Panouse (161) has reported that 
the use of potassium borohydride in alkaline solution permits more selec¬ 
tive reduction than LAH. Quaternary pyridinium salts derived from glu" 
cose are reduced in quantitative yield to o-dihydro derivatives. Thus, 
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N-tetraacetylglucosidylpyridinium bromide (CLI) and N-tetraacetylglu- 
cosidylnicotinamide bromide (CLII) are reduced to the o-dihydropyridine 
and o-dihydronicotinamide, respectively. 



'CONH a 


Br 


6 



(12*128) 


R 


CLII 


CLIII 


The indicated structure of the 3*substituted o-dihydropyridine (CLIII) 
was established in later work (162), since the alternate 1,6-dihydro struc¬ 
ture is also possible. 

Reduction of pyridine methiodide (CLIV) with potassium borohydride 
yields N-methyl-l,2,3,^tetrahydropyridine instead of the dihydro deriva¬ 
tive (161). 



(12-129) 


CLIV 


The reduction of nicotinamide methiodide (CLV) is more complex and 
gives a mixture of the o-dihydro and tetrahydro derivatives. 



KBH , 


^^CONH, ^^^CONH, 


V 


ai, 

CLV 


CH, 


CH, 


(12-130) 
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The reduction of methyl nicotinate methiodide (CLVI) permits the syn¬ 
thesis of arecoline y the principal alkaloid of the betel nut p while nicotinic 
acid methiodide (CLVII) is reduced to arecardine (162). 


.COOCH, 

yOv y' COOCHj 


V - * 

CT 

IT 

| 

(12-131) 

CH, 

CH, 


CLVI 



^s^COOH 

^^COOH 


(j =*► 

T 

(12-132) 

Se i 6 



i * 

| 


CH, 

CH, 



CL VII 


The syntheses of the alkaloids CLVI and CLVII permitted the formula¬ 
tion of the structures of the 3-substituted o-dihydropyridines according to 
the scheme: 



R R 

CL VIII 



(12-133) 


Panouse (162) established that the reduction of quaternary pyridinium 
salts by potassium borohydride in aqueous solution favors the formation 
of the dihydro derivative when the reduction is carried out in strongly 
alkaline medium in the cold, while slightly basic medium and heat yields 
principally or exclusively the tetrahydro compound. The nature of R and 
R' in equation (12-133) is also a determining factor. 

Torossian (163) found that the reduction of N-alkylquinolinium (CLIX) 
and N-alkylisoquinolinium (CLX) salts with potassium borohydride in 
neutral aqueous solution gives N-alkyl-1,2,3,4-tetrahydro derivatives, 
without the isolation of o-dihydro compounds. 



kbh 4 



(12-134) 


CLTX 
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CLX 



(12-135) 


By this method the following salts have been reduced: 


R 

Quinoline Derivatives, 

% Yield 

Isoquinoline Derivatives, 
% Yield 

Methyl 

70 

65 

Ethyl 

72 

91 

n-Propyl 

62 

93 

n-Butyl 

50 

73 


When the reduction is carried out in alkaline medium, a mixture of the 
o-dihydro and tetrahydro compounds are obtained. However, the dihydro 
derivative is extremely unstable and oxidizes and polymerizes very 
rapidly. Torossian postulated that since the action of sodium hydroxide 
on quinoline methiodide, without benefit of reducing agent, yields N- 
methyl-l,2,3,4-tetrahydroquinoline, it is probable that the alkalinity of 
the reaction medium permits partial reduction by the borohydride to di¬ 
hydro derivatives which are then converted to tetrahydro compounds. 

12.15.5 Reductions with Lithium Borohydride 

The synthesis of tetramethylammonium borohydride according to equa¬ 
tion (12-125) has been carried out with lithium borohydride as well as 
with the sodium compound (160). 

(CH S )«NF + LiBH 4 —> (CH^NBH* + LiF (12-136) 

The following tetramethylammonium salts have been utilized in this 
reaction: 

Salt 

Fluoride 
Phosphate 
Carbonate 
Oxalate 

12.16 REDUCTION OF THE CARBON-NITROGEN DOUBLE BOND 

12.16.1 Reductions with Lithium Aluminum Hydride 

The reduction or non-reduction of the carbon-nitrogen double bond with 
LAH is directly related to the structure of the compound under discussion 
and the reaction conditions. 


% Yield 
98.5 
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The reductions of isocyanates, R—N =C=0 (Section 12.5), oximes, 

\ l/ 

», C=< 


RaC=NOH (Section 12.6), quaternary salts. 


/ \ 


(Section 12.15) 


and isothiocyanates, R—N—C^S (Section 13-19) involve the reduc¬ 
tion of the carbon-nitrogen double bond. 



Y 

/ 


CH—NH 


(12-137) 


12.16.1.a Amidines t Hydrazidines t and Guanidines , Ehrensvard and 
Stjernholm (43) reported that the reduction of N,N '-diphenylcyanoformami- 
dine (CLXI) with LAH in ether results in the formation of .the glycine- 
NpN'-diphenylamidine (CLXII) in which the amidine structure is intact. 


C*H,N 


C.HJ 


C f H 


,N^ 


c —c m n 


LAH 


\ 


/ 

C.H.NH 


C—C l 'HjNH a (12-138) 


CLXI 


CLXII 


Ried and Muller (68) found that the reaction of the triphenylformazone 
(CLXIII) with excess LAH in a refluxing ether-tetrahydrofuran mixture re¬ 
sults in a reductive cleavage of the azo double bond to form wphenyl- 
benzamidrazone and aniline while the hydrazidine grouping is not attached. 


JWHC.H, 

C.H,/ 

N=NC,H, 


LAH 


< NNHC.H 1 

+ C.H.NH, 

NH a 


CLXIII 


(12-139) 


The presence of benzaldehyde phenylhydrazone has also been indicated. 

Gilsdorf and Nord (164) reported that when N,N-diethylbenzamidine 
(CLXIV) is refluxed with LAH in ether, in addition to the recovery of 
CLXIV in 72.5% yield, 15% of benzylamine is obtained. 


r 

C.^ 

Vc^,), 

CLXIV 


LAH 


C.H.CHjNH, 


(12-140) 


The formation of benzylamine is analogous to the isolation of benzyl 
alcohol from the LAH reduction of N,N-diethylbenzamide (Section 


10.1.1.d.2). 
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Rheim and Jutiaz (165) attempted to prepare argininol by LAH reduc¬ 
tion of esterified arginine (CLXV). However, "difficulties were en¬ 
countered owing to the instability of the guanido group." 

/" 

HjNC —NHCHj CH a CH a CHC OOR 


NHj 

CLXV 


When arginine was benzoylaced prior to ester formation the resultant 
ethyl ester of dibenzoylarginine was successfully reduced to dibenzoyl- 
argininol with LAH in tetrahydrofuran solution. Hydrolysis with sulfuric 
acid gave the desired argininol. Fromageot and his co-workers (166) 
have reported, without experimental details, that the ethyl ester of argin¬ 
ine is reduced with LAH to argininol. 

12.l6.1.b /mines. Elphimoff-Felkin (167) reported that 1-cyano-l- 
(2'-tetrahydropyranoxy)cyclohexane (CLXVI) reacts normally with the 
Grignard reagent to form the ketimine (CLXVH). With excess LAH CLXVII 
is reduced to the corresponding aminoether which is hydrolyzed with 
hydrochloric acid to yield the hydrochloride of the amino alcohol. 



RMgX^ 


CLXVI 


R 



CLXVII 



(12-141) 


R - CH|, CjHg, C.H, 

The "abnormal" Hoesch reaction of 4,6-diethylresorcinol and acrylo¬ 
nitrile yields a stable iminochloride, m.p. 156°, formulated as CLXVII1. 
Treatment of CLXVTII with excess LAH in a mixture of ether and dioxane 
yields three reduction products. The main product in about 7055 yield is 
a primary amine, C &S H I0 NC1, postulated as CLXIX. The second reduction 
product, in about 20% yield, is a neutral product, CuHnClNO, m.p. 169°. 

A 1,2-benz-4-aza-3~oxacycloheptane structure (CLXX) is postulated for 

this product which on further treatment with LAH gives die primary amine 
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(CLXIX). The third reduction produce, m.p. 122°, is alkali soluble and 
may have arisen from CLXX since it can also be obtained from CLXX on 
heating with 10J5 sodium hydroxide. No formula has been advanced for 
this product, CnHifQO, (168). 



CLXX 

12.16.1.c Schiff's Bases. The LAH reduction of Schiff's bases yields 
the corresponding secondary amine, according to the equation (13): 

4RCH=NR' + LiAlH« -* (RCH 2 NR ") 4 LiAl RCH,NHR' 

(12-143) 

The reduction of various Schiff's bases is summarized in Table LXXXII. 


TABLE LXXXII 

LAH REDUCTION OF SCHIFF'S BASES 


Formula 

Schiff's Bases 

% Yield Amine 

Ref. 

CaH,iNO 

N-Cyclohexylideneaminoethanol 

60 

1 

C*H|sNOBf 

p-Bromobe nzalaminoe thanol 


3 

C„Ht»NO 

a-NaphthalaminoethanoI 


3 

CiiH,«N 

Benz al aniline 

93 

4 

c„h m n 

Benzalaminocyclohezane 

BO 

1 


N-Cy cl ohexy lide ne be nzyl ami ne 

65 

1 

Ci«H„N 

Cinnamal amino c y cl ohexane 

70 

1 


& M. Mouaseron, R. Jacquier, M. Mousse ron-Canet, and R. Zagdoun, Bull, soc, 
cbim. France, [5] 19, 1042 (1952). 
a Reduction carried out in dioxane. 

4 E. D. Bergmann, D. La vie, and S. Pinches, /. Am. Cbem. Soc., 73, 5 662 
(1951). 

4 R. F. Nystrom and W. G. Brown, ibid., 70, 3738 (1948). 
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The attempted reduction of N-cyclohexylmetfayieneimine (CLXXI) with 
LAH in ether has been unsuccessful. The non-reduction of 1-piperidino- 
cyclohexene (CLXXII) and benzylidene-bis-piperidine (CLXXIII) is indica¬ 
tive of the specificity of azomethine reduction (28). 


O 

CLXXI CLXXII CLXXIII 

12.l6.1.d Hy dr ozones . The LAH reduction of formaldehyde N,N- 

dimethylhydrazone (CLXXIV) yields trimechylhydrazine (169). 

I Ah 

(CH s ) a N— N=CH 2 (CH,) 2 N—NHCH, (12-144) 

CLXXIV 

The reduction of the phenylhydrazone of benzoylglyozal (CLXXV) with 
LAH in ether at ordinary temperatures is reported to give a crystalline 
red-claret compound, m.p. 138.5°, containing 16.3-16.79% nitrogen. This 
product was not further investigated (74). 

C 6 H,C —C=NNHC.H, C.H.C —C=NNHC 6 H, 

0 CHO O COOCjH b 

CLXXV CLXXVI 

The LAH reduction of ethyl 2-phenylhydrazinobenzoyl acetate (CLXXVI) 
in refluxing ether yields 43% of the phenylhydrazone of benzaldehyde as 
the only isolatable product (76). 

The reaction of 2,2-dim ethyl succinic anhydride with phenylhydrazine 
yields a phenylhydrazide which on reduction with LAH is converted to a 
mixture of neutral and basic products. Although the products have not 
been identified, the basic material which is the minor component of the 
mixture has been found to reduce Benedict’s solution (26). 

12.l6.Le Endocyclic Carbon-Nitrogen Double Bonds . The carbon- 
nitrogen multiple bond in various heterocyclic compounds is susceptible 
to reduction. 

Jones and Kornfeld (170) reported, without details, that esters of oxa- 
zole carboxylic acid undergo extensive decomposition when created with 
LAH. Mousseron and Canet (29) reported that the LAH reduction of 2- 
methylcetrahydrobenzoxazole (CLXXVII) gives rrons-2-ethylaminocyclo- 
hexanol. 
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CLXXVU 


cf 


(12-145) 


Although the authors considered this transformation as a rearrangement a 
hydrogenolysis reaction is more likely. Reduction of the carbon-nitrogen 

double bond yields an —NH—CH—O— grouping which, as discussed 
in Section 12.17, undergoes cleavage at the carbon-orygen linkage. The 
somewhat unexpected reduction of the carbon-carbon double bond may be 
attributed to the presence of the adjacent electron donor groups acting 
individually or in concert or vinylogously through the carbon-nitrogen 
double bond, as discussed in Section 16.1. 

The oxazoline ring is not attacked when reduction is carried out with 
the theoretical quantity of LAH at 0°. The reduction product is decom¬ 
posed with cold acetic acid and the oxazoline or the amino alcohol can 
be obtained according to the duration of the contact of the reduction prod¬ 
uct with acetic acid and the concentration of the latter. Thus, trans-2- 
aryl- or alkyl-4-carbechoxy-5-aryloxazolines (CLXXVIII) are reduced to 
frans-2,5-disubstituted-4-hydroxymethyloxazolines which can then be 
hydrolyzed to amino alcohols (74,122). 


H H 

ArC CHCOOCaH, ArC CHCHfi H 



ArCH—CHCHaOH 

I I 

OH NHCOR 


R R 

CLXXVin 


(12-146) 


Ar 

_R 

Ref. 

CJi. 

CJi. 

74,171 


CH, 

172 


a,CH 

171,173 

H5.NCA 

C^H, 

122 


CH, 

122 


q,ch 

122 


The reduction of ^keco-2-phenyl-4,5-benzo-1,3-oxazine (benzoylan- 
thranil) (CLXXIX) with LAH is reported to yield 84% of o-benzamino- 
benzyl alcohol. 
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O 



LAH 



H a OH 


COCA 


(12-147) 


When the reduction is carried out with one-quarter equivalent of LAH a 
crystalline product is obtained, m.p. 180-181°, empirical formula 
CuHuNOa. The ultraviolet spectrum indicates a secondary amine group 
and a carbonyl group which lead to the postulation of a 6-keto-2-phenyl- 
4,5-benzo-2,3*dihydro-1,3-oxazine (CLXXX) (174). 



As discussed in Section 10.2.l.b, bromoallogelsemine hydrobromide 
(CLXXX1) on treatment with LAH in dioxane yields desoxohydroxytetra- 
hydrogelsemine (CLXXXIII). Bromohydroxydihydrogelsemine (CLXXXII), 
which is formed on warming CLXXXI with acid, is postulated as an inter* 
mediate in the reduction (173). 




CLXXXII 



CLXXXIII 


(12-149) 


A more likely explanation involves reduction of the^ carbon-nitrogen 

double bond, followed by cleavage of the resultant —NOD— grouping 
as discussed in Section 12.17. I 
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CLXXXI 




CLXXXIII 


( 12 - 150 ) 


The reduction of 2-methoxy-3,4,5,6-cetrahydropyridine (CLXXX1V) to 
piperidine (176) probably proceeds through reduction of the carbon-nitrogen 

II 

double bond, followed by cleavage of the —NCO— grouping. 



CLXXXIV 


(12-151) 


The LAH reduction of 11-hydroxytetrahydrocarbazolenine (CLXXXV) 
quantitatively yields tetrahydrocarbazole (CLXXXV1). The intermediate 
11-hydroxy-l,2,3,4,10,11-hexahydrocarbazole loses water in the presence 
of the aluminum compound acting as a Lewis acid (177,178). 



CLXXXV 




H 

CL XXXVI 

(12-152) 


The reduction of 2-phenyl-3~methyI-3~hydroperoxyindolenine (CLXXXVII) 
with ethereal LAH yields 2-phenyl ska cole (CLXXXVIU) (179). Since the 
product of the reduction of the hydroperoxide is the 3~hydroxy compound 
the conversion of CLXXXVII to CLXXXVIU is analogous to the reduction 
of CLXXXV in equation (12-152). 
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OOH 


a 


n^c 6 h. 



CLXXXVII 


(12-153) 
H 

CL XXXVIII 

Although pyridine derivatives can usually be reduced with LAH without 
attack on the heterocyclic nucleus, the latter has been reported to be re¬ 
ducible. Hochstein (81) reported that pyridine is unsatisfactory as a 
solvent for LAH in the quantitative determination of active hydrogen 
since it is reduced by LAH. de Mayo and Rigby (180) found that reflux* 
ing pyridine (CLXXXIX) with LAH in di-n-butyl ether gives a 10% yield 
of piperidine, isolated as the p-toluenesulfonyl derivative, and no un¬ 
changed pyridine is recovered. Reduction of 2-hydroxypyridine under the 
same conditions gives a mixture of pyridine and piperidine. 




H 

CLXXXIX 


(12-154) 


The reduction of esters of pyridinecarboxylic acids proceeds satisfactorily 
at low temperatures but at high temperatures small amounts of piperidyl 
carbinols accompany the expected pyridyl carbinols (181). 

Bohlmann (130) reported that on warming an ethereal pyridine solution 
with LAH an addition compound is formed which is difficultly soluble in 
ether and on decomposition gives a labile dihydro compound with a 
piperidine-like odor and strong reducing characteristics. The non-reduc¬ 
tion of 2,4 f 6-triphenylpyridine with LAH is attributed to steric hindrance. 

Wiberg and Henle (182) have utilized a solution of LAH in ether- 
pyridine, prepared by treatment of a concentrated ether solution of LAH 
with absolute pyridine, for the preparation of cuprous hydride from the 
corresponding iodide. An ether-pyridine mixture has also been used in 
the LAH reduction of various pyrrole dyestuffs (183)- 
Bohlmann (130) reported that quinoline (CXC) forms an addition com¬ 
pound with LAH which on decomposition with water gives a crystalline 
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dihydro compound, m.p. 40-41°. Treatment of the crude reduction prod¬ 
uct with alcoholic picric acid gives two different picrates, an orange 
picrate, m.p. 180-192 °, in 80% yield, and a red picrate, m.p. 170° (d. 
130°), in 5% yield. Both picrates analyze for the picrate of dihydro- 
quinoline. Analogous dihydro compounds are formed by treatment of 
quinoline with lithium alkyl or phenyl. 




H 

(12-156) 


Craig and Gregg (184) found that Bohlmann’s directions for the LAH 
reduction of quinoline give a 90% yield of a product which, if purified by 
extraction with cyclohexanone, has m.p. 72-74° but whose absorption 
spectrum and other properties correspond to those of 1,2-dihydroquinoline. 

Treatment of 2-hydroxyquinoline (CXCI) with LAH in di-n-butyl ether 
has been reported to give a mixture of quinoline and tetrabydroquinoline 
( 180 ). 



CXCI 

Although Bohlmann (130) reported that 2-phenylquinoline is not reduced 
with LAH, Druey, and Huni (185) found chat tetrahydroquinoxalines are 
obtained from 2-oxo-l,2-dihydroquinoxalines (CXCII) on reduction with 
LAH. 


R' R' 



(12-158) 
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The tetrahydro compound is the product even when R - phenyl. Treat¬ 
ment of a quinoxalinum salt (CXCIII) with alkali yields a pseudo base 
(CXCIV) which is converted to the tetrahydroquinoxaline on reduction 
with LAH or with hydrogen over platinum oxide. 


R' 



CXCIII 



R 




Bohlmann found that benzimidazole (CXCV) reacts with LAH in the 
cold to form a salt, while in a refluxing benzene-ether mixture the prod¬ 
uct is dihydrobenzimidazole (130). 



(12-160) 


The reduction of acridine (CXCVI) in refluxing ether-benzene yields 
9,10-dihydroacridine. It has been postulated that the 9,10-dihydro com¬ 
pound is either formed directly or the 9,11-dihydro compound is first 
formed and then rearranges (130). 



The reduction of phenanthridine (CXCVII) with LAH in ethereal solution 
yields 3,6-dihydrophenanthridine (CXCYIH) (186). 



The reduction of frchlorophenanchridine also yields CXCVIII (85). 
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Jones and Kornfeld reported chat esters of pyrazine carboxylic acid 
(CXCIX) undergo extensive decomposition when created with LAH (170). 



COOR 


CXCIX 

Presumably reduction of the carbon-nitrogen double bond is involved. 

The LAH reduction of quinoxaline (CC) and 2,3-dimethylquinoxaline 
(CCI) yields the corresponding tetrahydroquinoxaline (130). 



CCI 


This reaction is analogous to the reduction of quinoxaline (CC) with 
mechylmagnesium iodide to yield 2,3-dimethyl tetrahydroquinoxaline (187). 



(12-165) 


CC 

Attempts to reduce benzo[a]phenazine (CCII) with LAH or sodium and 
methyl or isoamyl alcohols have been reported to yield unchanged start¬ 
ing material (85)* 
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The reduction of phena2ine (CCIII) with LAH in refluxing ether has been 
found by Birkofer and Birkofer to yield 5,10-dihydrophenazine (CCIV) 
(188). The reduction of phenazine esters with ethereal LAH has given 
the hydroxymethylphenazine. By dropping the yellow colored ester solu¬ 
tion into the ethereal LAH solution a temporary red color appears which 
has been attributed to the formation of the N-monohydrophenazyl radical. 

Bohlmann (130) reported that treatment of phenazine (CCIII) with LAH 
in a cold 1:1 benzene ether mixture gives a 90% yield of a blue molecular 
complex containing phenazine and 5,10-dihydro phenazine in equimolar 
amounts. 



CCIII 


CCIV (12-166) 


The dihydro compound (CCIV) is the sole product when the solvent mix¬ 
ture is refluxed. In this case, as with acridine, the unresolved question 
is whether the 5,10-dihydro compound is formed directly or if an inter¬ 
mediate which rearranges to CCIV is the initial product. 

The reduction of 4-hydroxy-6,7-benzoquinazoline (CCV) is reported to 
yield l,2-dihydrc^4-hydroxy-6,7-benzoquinazoline (189). 



(12-167) 


CCV 


Dehydrogenation of the alkaloid veatchine, for which the partial struc¬ 
ture CCVI has been advanced, with selenium yields a mixture of bases, 
each containing a carbon-nitrogen double bond. Treatment of these 
bases with LAH results in the reduction of the double bonds to yield 
secondary amines (190,191). 




CH a CH 2 OH 


(12-168) 


CCVI 
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In a similar manner, pyrolysis of che alkaloid acisine with selenium 
yields a base showing an infrared spectrum similar co one of the veatchine 
pyrolysis products, i.e. v a carbon-nitrogen double bond is indicated. Re¬ 
duction of the acisine pyrolysis base with LAH followed by reaction with 

2- chloroechanol yields a compound isomeric with che corresponding prod¬ 
uct from veatchine (191). 

12.16.2 Redactions with Sodium Borohydrlde 

In only a limited number of compounds has reduction of the carbon- 
nitrogen double bond under the influence of sodium borohydride been re¬ 
ported. Thus, there are no reported examples of che subjection of iso¬ 
cyanates (Section 12.5) or oximes (Section 12.6) to reduction with che 
borohydride. 

The reduction of the quaternaries, thiamine, Coenzyme I, and Coenzyme 
II, with che borohydride is discussed in Section 12*15.2. Reduction of 
che carbon-nitrogen double bond is involved in these cases. 

The reduction of 2-phenyl-3-methyl-3-hydroperoxyindolenine (CCVII) 
with sodium borohydride in ethanol yields a mixture of 2-phenyl-3-methyl- 

3- hydroxyindolenine (CCVIII) and 2-phenylskatole (CCIX) (179). 


OOH OH 



(12-169) 


As in the reduction of CCVII with LAH (equation 12-153), the formation 
of CCIX probably involves the reduction of the hydroperoxide to the 
3*hydroxy compound, as in CCVIII, as well as the saturation of the carbon- 
nitrogen double bond. Dehydration of che intermediate yields CCIX. 

12.16.3 Redactions with Potassium Borohydride 

The reduction of the carbon-nitrogen double bond in quaternary am¬ 
monium salts with potassium borohydride is discussed in Section 12.15.4- 
No other examples of such reduction have been reported. 

12.16.4 Reactions with Llthlam Borohydride 

No examples of carbon-nitrogen double bond reduction with lithium 
borohydride have been reported. 

The azomethine grouping in semicarbazones is reported to be resistant 
to attack by lithium borohydride in tetrahydrofuran. This has been uti- 
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lized in the preferential reduction of carbonyl and ester groups in the 
presence of semicarbazone linkages to yield carbinol semicarbazones 
which can be hydrolyzed to carbonyl compounds. The following steroid 
semicarbazones have been subjected to this treatment: cortisone acetate 
3-monosemicarbazone (64, 192), cortisone-3,20-bis-semicarbazone (64), 
ll-dehydrocorticosterone-3,20bis-semicarbazone (64), 20-cyano- 17-preg- 
nene-21-ol-3,ll-dione 3-monosemicarbazone (62,64). 

12.17 COMPOUNDS CONTAINING THE —Aid- GROUPING 


It has been shown in Section 11,3.1 that the —O—C—O- grouping 

is generally resistant to attack by LAH, On the contrary, the 

I I 

—N—C—O— grouping is attacked by LAH to yield products result¬ 
ing from cleavage of the carbon-oxygen linkage (193). 


Oxazolidines, containing the —NCO— grouping in a heterocyclic 

ring (CCX), are cleaved under the influence of LAH to yield 2-amino- 
alkanols. 




./ 

r\ 


°\/ N - 

A 


LAH 


C—C—N—CH 


OH 


(12-170) 


CCX 


Bergmann, La vie, and Pinchas have treated the following substituted 
oxazolidines with LAH in dioxane to yield the corresponding N-substi- 
tuted-2-aminoalkanol (194): 


Formula 

Compound 

% Amino Alcohol 

C u H tl NO 

2-Ethyl-3-pheDyloxazoIidine 

55.5 

CuH lt NO, 

2-p- Anisy 1-3-me thy loxazolid ine 

50 

C||H,|N0 

2,4 l 5,5-Tetramethyl-2-isobutyloxazolidine 

58 

C|,H„NO 

4 f 5,VTrin*thyl-2-peotttmechyleneoxazolidine 


CijHjiNO 

2 , 2-Di-n-propyl-4 f 5,5-tri me thy loxazolidin e 

62.5 

CuHuNO 

2-n-Pr opyl-3-(a,y-dime thy 1 butyl Mp5,5- 
trime thyloxazo lidi ne 

57 
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The reduction of the steroidal oxazolidine (CCXI) with LAH in ether 
is reported to yield the /S-aminoalcohol (34). 




CHCC1U 

CHjNCH a CH, 


(12-171) 


The cleavage of the oxazolidine ring with LAH is analogous to the open¬ 
ing that occurs with the Grignard reagent (193). 


> c -\ 
c7 


CHR R MltX > 


CCXII 


\ R R 
)C—N—CHR' 

<1 

—OMgX 


R R 

C- -N- -CHR' 
COH 

(12-172) 


In contrast to the stability of the —OCO— grouping in sapogenic 

II 

spirostanes, the —NCO— grouping in solasodine (CCXIII) is cleaved 

with ethereal LAH (196). Solasodine hydrochloride behaves in a similar 
manner. While LAH cleaves the oxide ring without reducing the double 
bond, hydrogenolysis over palladium-on-charcoal reduces the double bond 
to yield solasodanol (CCXIV). Hydrogenolysis over platinum oxide re¬ 
duces the double bond and cleaves the oxide ring. 



12.17 


COMPOUNDS CONTAINING THE —NCO GROUPING 


809 



CCXIV 

Tom at i dine, the aglycone of tomatine, a glycosidal alkaloid isolated 
from the tomato plant, is reduced by LAH to dihydrotomatidine, the reac¬ 
tion being considered as the opening of an oxidic ring (147,198). It has 
been proposed that tomatidine is identical with solasodanol (CCXIV), the 
saturated analog of solasodine (CCXIII) (199,200). 

Solanocapsin, an alkaloid isolated from Solarium pseudocapsicum L., 
is reduced with LAH to a product resulting from cleavage of an ether 
linkage (201). Structure CCXV has been proposed for solanocapsin, the 

11 

cleavage reaction therefore being the expected -NCO- cleavage. 



(12-174) 
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The cinchona alkaloid quinamine was assumed to contain an epoxide 
group and on reduction with LAH gave cinchonamine. Goutarel and his 
co-workers (202) therefore postulated the structure of quinamine as CCXVI 
and it was assumed that reduction of the epoxide group gave an alcohol 
which split out water to give cinchonamine (CCXVII). 



CCXVI CCXVII 

The intermediate dihydro derivative was isolated by Culvenor et ai . (203) 
and subsequently dehydrated to cinchonamine by heat. The intermediate 
was not further examined and consequently the direction of ring opening 
to give the tertiary alcohol was not determined. Witkop has proposed 
structure CCXVIII for quinamine (204). Although LAH reduction in this 
case does not distinguish between the two postulated structures, the 
intermediate cleavage product probably having the same structure in both 
cases, opening of the tetrahydrofuran ring does not seem improbable due 

II 

co the presence of the —NCO— grouping. 

OH 

Qu; 

H 



ccxvm 


Epiquinamine which is considered a diastereoisomer of quinamine due to 
epimerization at Q in the quinuclidene nucleus, is reduced by LAH to a 
isomeride of cinchonamine termed epicinchonamine (203)* In this ease 
the dihydro derivative undergoes spontaneous dehydration at room tem¬ 
perature. The same structural considerations apply here as with cinchon- 
amine. 

The dihydro derivatives of the ergot alkaloids (CCXIX) ergosine, ergo- 
cristine, ergocryprine and ergocomine, have been subjected to LAH re- 
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duction and three kinds of reduction products have been isolated (205). 
These include, as shown in equation (10-113), a poly amine, an amino- 
alcohol and a piperazine derivative. 


H, 

I 

/ 


0 

II 

C-NH 

I 

CH — 


/“ c ? 

\~4 


\ / R ‘ H,C—CH a 
CH HO | | 

AITS /“■ 

-C C N 

I I I 

0 = C-N C=0 


NCH, 


I 

R, 


/ 


,CH a 



CCIX 


Examination of the postulated ergot structure (CCXIX) reveals the pres¬ 
ence of the following elements: 



\ 




(12-175) 


The reduction products reveal the cleavage of the carbon-oxygen linkage 
and provide evidence for the structure advanced for the ergot alkaloids. 

The stable ozonide of 2-phenylskatole (CCXX) is reduced by LAH to 
o-benzylaminophenylmethylcarbinol (CCXXI) (179). 

CH, 

CH, | 

/ « CHOH 

% _i— Qr <im76) 

H C.H, 



CCXX 


CCYVT 
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The produce is indicative of the cleavage of the —NCO— grouping al¬ 
though o-benzaminophenylmethylcarbinol is produced by the action of 
sodium borohydride on CCXX. 

Veatchine, an alkaloid isolated from the bark of Garrya veatebii Kel¬ 
logg, has been postulated as possessing the partial structure CCXXII 
(190,101). Reduction of veatchine with LAH yields dihydroveatchine 
(CCXXHI) (191,206) while catalytic hydrogenation over platinum yields 
tetrahydroveatchine (CCXXIV) (191). 


Y X 

CH, H OH 


(12-177) 


Y X O 

CH a h oh ijr \ 

V 1 



CH a CH,OH 


CCXXIII 


x x 

CH, H H OH 


(12-178) 


CCXXII 


CHjCH,OH 


CCXXIV 


The LAH reduction of 2-keto-l,2-dihydroquinoxalines generally yields 
tetrahydroquinoxalines. In the case of the hydroxyethyl derivative 
(CCXXV) the reduction proceeds through an intermediate with an intact 
double bond. Although the intermediate can not be isolated and analyzed 
its formation is indicated by the formation of the quinoxalinium salt on 
treatment with hydrochloric acid (185). 



CH a CH a OH 

CCXXV 


LAH. 



^n^oh 


CHjCHjOH 

CCXXVI 



CHjCHjOH CH,CH,OH 


CCXXVII CCXXVIIT 


(12-179) 
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Quinoxalinium sales such as CCXXY1I are converted co the pseudobase 
(CCXXVI) with alkali and the latter with LAH or catalytic reduction over 
platinum oxide yields the corresponding tetrahydroquinoxaline (CCXXVIII). 

The reduction of N-methyl-OC-pyrrolidone or 3-ketooctahydropyrrocoline 
(CCXXIX) with one quarter mole of LAH permits the isolation of the 
carbinol-amine in die form of the tautomeric aldehyde (207-210). 



The use of excess LAH prevents the stopping of the reaction at the inter¬ 
mediate stage (209). Here the first stage of the reduction yields the 
carbinoi-amine which is cleaved at the carbon-oxygen bond with excess 
LAH. 


The LAH reduction of 3-keto-4*methyl-2 l 2-diphenylmorpholine (CCXXX) 
is reported to yield a mixture of 3-hydroxy-4-methyl-2 v 2-diphenylmorpho- 
line (CCXXXI) and 4-methyl-2 9 2-diphenylmorpholine (CCXXXII). The 
further action of LAH on the carbinol-amine (CCXXXI) yields CCXXXII 
( 211 ). 


CH, 

(Y°.h. ^ * rVc.«. 

X 0^ C .H. ^O^c.H. 


CCXXX 



CH, 


(12-182) 


LAH 


CCXXXII 

_t 


The LAH reduction of N-(CC-alkoxybenzyl)acetanilide (CCXXXIII):R * 
CH, and CgH.) results in the cleavage of the carbon-oxygen bond as well 
as the reduction of the amide grouping (212). 


OR 


C.H.CH—N—COCH, C.H.CH,—N—CH.CH, 

C.H, C.H. 

eexxxm 


(12-183) 
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The reduction of N-(a-acetozybenzyl)acecanilide similarly yields N-ethyl- 
N-phenylbenzylamine as one of the products. 

The LAH reduction of 2,3-diphenyl-2-ethoxyethylenimine (CCXXXIV) 
yields ci5*2 f 3-diphenylethylenimine (CCXXXV). 


OC,Hg 


LAH 


C # H B CH—CC.H, C 6 H,CH—CHC.H, 

X N X N X 

H H 


(12-184) 


CCXXXIV 


CCXXXV 


CCXXXIV is formed as an intermediate in the Neber rearrangement of the 
p-toluenesulfonate of desoxybenzoin oxime and on treatment with LAH 
yields CCXXXV. An analogous reaction occurs with the p -toluenesulfo¬ 
nate of p,p'-dichlorodesoxybenzoin oxime (213). 

In the reductive cleavage of unsymmetrical epoxides, as in the steroids, 
by LAH, a secondary oxide linkage is cleaved in preference to a tertiary 
(214). Similarly, LAH reductions of 1-methyl-1,2-epoxycyclohexane and 
l-cyano-l,2-epoxycyclohexanone yield the expected 1-substituted cyclo- 
hexanols (Section 11.2.l.b). 

o 

CCXXXVI 

In contrast, LAH reduction of 1-dimethylamino-l,2-epoxycyclohexane 

II 

(CCXXXVII), which contains an —NCO— grouping, yields the second- 


LAH 


o 5. 


(12-185) 


ary alcohol resulting from cleavage of the oxide ring at the tertiary carbon 
(28,30,31). 


0 > 


a N(CH,) a 
OH 


CCXXXVII 


(12-186) 


The conversion of l-hydroxymethylbenzotriazole (CCXXXVIII) to 1* 
methylbenzotriazole (CCXXXIX) has been carried out through the halide 
(214). 
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CH,OH CH,C1 



CCXXXIX 

An attempt to reduce CCXXXVIII directly to CCXXXIX by reduction with 
LAH in a benzene-etherdioxane mixture has been unsuccessful due to 
the precipitation of the intermediate complex and its subsequent insolu¬ 
bility (215). 

The reported reduction of 2-methoxy-3 l 4,5,6-tetrahydropyridine (CCXL) 

11 

to piperidine (176) probably occurs by cleavage of the —NCO— group¬ 


ing following reduction of the carbon-nitrogen double bond. 



(12-188) 


The reduction of bromoallogelsemine hydrobromide (CCXLI) with LAH in 
dioxane to desoxohydroxytetrahydrogelsemine (CCXLII) probably follows 
the same course (173). 



CCXLI CCXLII (12-189) 

The cleavage of 2-methyltetrahydrobenzoxazole (CCXLIII) to 2-ethyl- 
aminocy clohexanol probably follows the indicated pattern (29). 



LAH 



NHC a H B 


(12-190) 


ccyr tti 
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The treatment of 6»keto-2-phenyl-4,5-benzo-l,3-oxazine (CCXLIV) with 
one-quarter mole of LAH yields a compound formulated as the 2 v 3-dihydro 
derivative (CCXLV). Reduction of CCXLIV with a larger quantity of 
LAH yields obenzaminobenzyl alcohol (CCXLVI) although the formation 
of o-benzylaminobenzyl alcohol might have been predicted (174). 


O 




(12-191) 


( 12 - 192 ) 


Paddock (33) has suggested that there is an equilibrium in an ethereal 
LAH solution 

AIH,® ^ H 6 + A1H, (12-193) 


and that the ether coordinates with the aluminum hydride while the active 
entity in LAH reactions is the hydride ion. Utilizing this suggestion the 

II 

cleavage of the —NCO— grouping can be explained by analogy with 

Grignard reactions. Thus, coordination of the available electron pair on 
nitrogen can occur with A1H S . 


—N—C— 6 — + (QHjJaO—► AIH, -> 



+ (CjHiJjO (12-194) 

* 6 

H: Al: H 
H 

The tendency for the electron pair on oxygen to take part in hydrogen 
bonding results in the formation of a quasi ring such as has been postu¬ 
lated in many Grignard reactions. The electron deficient nitrogen would 
tend to withdraw electrons from the adjacent carbon giving the latter a 
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positive character. The hydride ion present in the solution, according to 
Paddock's postulation, could displace the ethereal oxygen resulting in 
cleavage of the carbon-oxygen bond: 


©I \\ 

—N— -C-t-O — 




+ Q 

H: A1:H- 
H 



(12-195) 


Hatch and Cram (213) have formulated the cleavage in the reduction of 
the ethoxyethylenimines as follows: 


OQH, 


—CH-C- 

\y 


N 

I 

H 


A>c,h. 


—CH-C — 

V 

I 

H—Al-^H 

I 

H 


— OC a H., 



(12-196) 


A1H, 


H 


12.18 COMPOUNDS CONTAINING THE 



GROUPING 


Reduction of 1-nitroethyl p-tolylsulfide (CCXLVII) with LAH yields 
p-thiocresol among the reaction products (108). 

CH, 



CCXLVII 
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LAH reduccioo of the corresponding sulfone (CCXLVIII) gives p-toluene- 
sulfinic acid in good yield (108). 



CCXLVm 



(12-198) 


In these cases, scission of the carbon-sulfur bond in an —N —C—S — 

I 

grouping has occurred under the influence of LAH. It is of interest to 
note that thiocyanates, containing the grouping —S—C*N, are re* 
duced by LAH to thiols indicating, as above, cleavage of the carbon- 
sulfur bond. 

Treatment of thiobenzamide (CCXLIX) with excess LAH yields benzyl- 
amine. The reaction with 0.5 mole of LAH ar low temperatures yields 
benzonitrile and benzylamine (216). 


C.H.C^ 

NH a 

CCXLIX 


LAH. 


C.H.CN + C.H.CH.NH, 


(12-199) 


Although the reaction appears to involve an elimination of hydrogen 
sulfide to give the nitrile followed by reduction to the amine, an analogy 
exists here to the stepwise reduction of amides to die carbinol-amine 

II 

followed by cleavage of the —NCO— grouping. 

The addition of an ethereal solution of bis-methylsulfonylnitromethane 
(CCL) to an ethereal LAH solution liberates hydrogen and yields a little 
bis-methylsulfonylmethane and ammonia. The major part of the starting 
material is recovered (109). 


CH a SO a CHSO a CH| LAH CHjSOjCHjSOjCH, (12-200) 

NO a 

CCL 

The cleavage of the carbon-nitrogen bond in this case, contrary to the 
indications of the previous examples appears worthy of reexamination. 
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12.19 HETEROCYCLIC NITROGEN COMPOUNDS 


The reduction of various heterocyclic nitrogen compounds has been 
discussed in the sections on lactams (Section 10.2), ketones (Section 
7.2), and the reduction of the carbon-nitrogen double bond (Section 12.16) 
and will therefore be mentioned only briefly here. 


12.19.1 Compounds Containing Saturated Heterocyclic Nuclei 

The treatment of saturated monocyclic nitrogen heterocycles with the 
complex hydrides generally results in retention of the ring structure. 
Thus, the ethylene inline (CCLI) f pyrrolidine (CCLI1), piperidine (CCL1U), 
and piperazine (CCLIV) nuclei are not attacked by LAH and other com¬ 
plex hydrides. 


\ 

/ 



/ 

\ 




R R R 

CCLI CCLII CCLIH 


R 



R' 

CCLIV 


While morpholine (CCLV) is resistant to attack by the hydrides, ozazoli- 


dines (CCLVI) are cleaved by LAH due to the presence of the —NCO — 
linkage (Section 12.17). I 


0 

1 

R 

P* 

^ 1 
rv 

)<r° ^ 

CCLV 

CCLVI 

Among the saturated bicyclic systems, octahydroindole (CCLVII), 
quinuclidine (CCLVIII) octahydroindolizine (CCLIX) and octahydroquino- 
lizine (CCLX) nuclei are not attacked by LAH. 

Co 

1 

0 CO CO 

R 

CCLVn CCLVIII CCLIX CCLX 
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Polycyclic systems in which an aromatic ring is fused to a saturated 
heterocyclic ring are not cleaved by LAH. Thus, tetrahydroquinoline 
(CCLXI), tetrahydroi so quinoline (CCLXII), indoline (CCLXIII), and hexa- 
hydrobenzpyridocoline (CCLXIV) nuclei are retained while substituent 
functional groups are reduced. 



CCLXI CCLXII CCLXIII CCLXIV 

12.19.2 Pyrroles 

Reductions with LAH in the pyrrole (CCLXV) series yield the ap¬ 
propriate pyrrole derivatives. The LAH reduction of pyrrole dyestuffs 
(CCLXVI) retains the macrocyclic structure intact (183). 



CCLXVI 

12.19.3 Indoles and Cavbazoles 

As discussed in Section 10.2.l.b, the LAH reduction of oxindoles 
(CCLXVII) is dependent upon the substituents in the 1- and 3 -positions, 
the products including indoles and indolines. 
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The reduction of dioxindoles (CCLXVTU) yields indoles and oxindoles. 




(12-202) 

'O 


R 

CCLXVIII 


R 



The reduction of naphthostyrils (CCLXIX), containing the oxindole struc¬ 
ture, yields indolines. 



As discussed in Section 7.2. l.i, the LAH reduction of gem-disubstituted 
pseudo *indoxyls (CCLXX) yields hydrogenolysis, reduction, or rearrange¬ 
ment products dependent upon the bulk of the substituents next to the 
carbonyl group. 



As discussed in Section 12.l6.1.e, the LAH reduction of the indolenine 
(CCLXXI) as well as tetrahydrocarbazolenine (CCLXXII) nuclei results in 
reduction of the carbon-nitrogen double bond. 
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The reduction of CCLXXI, where R - OOH, R t - methyl and R, ■ phenyl, 
with sodium borohydride yields a mixture of products cocresponding to 
both reduction and non-reduction of the carbon-nitrogen double bond (179). 

The LAH reduction of indole derivatives generally results in retention 
of the indole nucleus. Thus, indole is not reduced (217) with LAH and 
2- and 3-substituted indoles (CCLXXIII) are reduced to the appropriate 
indole derivatives. 




CHO 

HjCOOR 


H 

CCLXXIII 


LAH 



CH.OH 

(12-207) 

CH a CH 2 OH 


H 


On the other hand, Julian and Printy (217) have reported that 1-methyl- 
indole (CCLXXIV) and 1,3-dimethylindole (CCLXXV) are reduced with 
LAH in ether to the corresponding indolines, in 25-30% yield. 




CCLXXV 


H, 


(12-208) 


(12-209) 


However, Eiter and Svierak (218) reported that the LAH reductions of 
l-methyIindole-2-carboxylic acid (CCLXXVI) and ethyl 1-methylindolyl- 
3-acetate (CCLXXVII) give l-methyl-2-hydroxymethylindole and 1-methyl- 
3-hydroxyethylindole, respectively, without reduction of the double bond. 
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LAH 

72 % 



( 12 - 211 ) 


CH, CH, 

CCLXXVH 

The LAH reduction of alkaloids containing the hexahydroindoloquino- 
lizine (CCLXXVIII) or che dihydrobenzindoloquinolizine (CCLXXIX) nu¬ 
clei retains these heterocycles. 



CCLXXVIII CCLXXIX 


The attempted LAH reductions of l,2-benzo-7,8-(2',3'-indolo>3,4-dihydro- 
6-quinolizone (CCLXXX) (219) and 4-quinolizone (CCLXXXI) (220) are re¬ 
ported to yield unchanged starting material. 



CCLXXX CCLXXXI CCLXXXII 

The carbazole moiety (CCLXXXII) is not attacked by LAH. 

12.19.4 Pyridine Derivatives 

As discussed in Section 12.l6.Le, the reduction of pyridine (CCLXXXIH) 
derivatives with LAH generally proceeds without attack on the hetero¬ 
cyclic nucleus. However, under more drastic conditions such as a higher 
reaction temperature and a prolonged reaction time, piperidine derivatives 
are formed. 



H 


CCLXXXII! 
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The LAH reduction of pyridine has been reported to yield a labile dihydro 
compound (130) or the hexahydro derivative piperidine (180). The reduc¬ 
tion of quaternary pyridinium salts (CCLXXXIV) with the complex hy¬ 
drides yields o-dihydro or tetrahydro derivatives (Section 12.13). 



R 

CCLXXXIV 



(12-213) 


The LAH reduction of 2-hydroxypyridine (CCLXXXV) in refluxing di¬ 
rt-butyl ether yields small quantities of pyridine and piperidine (180). 



(12-214) 


CCLXXXV 


The Ot-hydroxy group is retained intact in the treatment of the 2-pyridols, 
CCLXXXVI (221), CCLXXXVII (222), and CCLXXXVIII (223) with LAH. 
CH, 


COOC a H B 

CH, ^ "'OH 

CCLXXXVI 


CH, 


COOCH 

OH 

CCLXXXVII 



3 




The attempted LAH reduction of the 2-methoxypyridine, CCLXXXIX, has 
been reported to be unsuccessful (223). The hydroxy group is not at¬ 
tacked by LAH in the reduction of 4-hydroxy-6,7-benzoquinazoline (CCXC) 

(189). 



CCXC 



12.19 


HETEROCYCLIC NITROGEN COMPOUNDS 


823 


The LAH reduction of the 2(l>pyridone (CCXCI) in di-o-butyl ether 
yields the 2-pyridol (222). 



The attempted LAH reduction of the 2(l)*pyridones l CCXCII and CCXCIII, 
has been unsuccessful (223). 



CCXCII 




CH, 

CCXCIV 



CCXCV 


The LAH reduction of N-methylpyridone (CCXCIV) has been reported to 
yield 7 % of methylamine and a trace of an N-methylpyridinium salt iso¬ 
lated as the picrate (180). An unsuccessful attempt to reduce 1,2,6- 
crimethyl-4-pyridone (CCXCV) with LAH has been attributed to the low 
ether solubility of the pyridone (224). 

The reduction of pyridine-N-oxide-2-azo-p-dimethylaniline (CCXCVI) 
w ith excess LAH yields pyridine-2-azo-p-dimethylaniline (86). 



(12-216) 


CCXCVI 
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12.19.5 Quinoline Derivatives 

The LAH reduction of quinoline (CCXCVII) and isoquinoline deriva¬ 
tives generally proceeds without attack on the heterocyclic nucleus. 




(12-217) 


CCXCVII 


The LAH reduction of quinoline (CCXCVIII) is reported to yield 1,2-di- 
hydroquinoline (130,184). 



The reduction of 2-hydroxyquinoline (CCXCIX) with LAH in refluxing 
di-n-butyl ether is reported to yield quinoline and teuahydroquinoline 
( 180 ). 



The reduction of N-methylquinolone (CCC) has been reported to yield 20% 
of an N-methylquinolinium salt identified as the platinichloride (180). 



CCC 


( 12 - 220 ) 


The reduction of quinolinium (CCCI) and isoquinolinium salts with LAH 
yields 1,2-dihydro derivatives while potassium borohydride yields 1,2,3, 
tetrahydro derivatives. 



12.19 



12.19.6 Acridines and Related Compounds 

The LAH reduction of acridine (CCC1I) yields 9,10-dihydroacridine 
(130). 



The reduction of benz[a]acridin-12(7H)-one (CCCIU) yields a molecular 
complex of benz[a]acridine and 7,12-dihydrobenz[a]acridine (85). 



H 

ccciii 


LAH 



The LAH reduction of phenanchridine (CCCIV) (186) and 6-chloro- 
phenanthridine (85) yields 5,6-dihydrophenanthridine. 
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The LAH reduction of phenanthridone (CCCV) yields phenanthridine (180) 
or 5,6-dihydrophenanthridone (85), apparently dependent upon the LAH 
concentration. 



O 

CCCV 


CCCVI 



The reduction of N-methylphenanthridone (CCCVI) yields the N-methyl- 
phenanrhridiniiun salt (180) or 5-methyl-5,6-dihydrophenanthridine (135), 
the quaternary salt being reducible to the 5,6-dihydro derivative (135). 

12.19.7 Azoles and Related Conpoands 

The pyrazole (CCCVII) (21,225) and isoindazole (CCCVIII) (226) nu¬ 
clei are resistant to attack by LAH. 



R 


cccvii cccvin cccix 

The imidazole nucleus (CCCIX) is resistant to attack by LAH (1 66 , 
227-231). The LAH reduction of l-methyl- 4 -phenyl- 2 ( 3 H)-iinidazolone 
(CCCX) is reported to yield l-methyl-4-phenylimidazole (CCCXI) (84). 

C.H,C-NH C,H f C-N 



(12-226) 


CH, 

CCCX 


CH, 

CCCXI 
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The LAH reduction of benzimidazole (CCCXII) under forcing conditions, 
yields dihydrobenzimidazole (130). 



The LAH reduction of benzocriazole (CCCXIII) derivatives results in 
retention of the heterocyclic nucleus (214,215). Treatment of 1-benzyl- 
4-[(l-hydroxy)isopropyl]triazole (CCCXIV) with LAH at 0° indicates that 
the nucleus is not attacked (232). 


R C a H,CH 2 N-N 



HOCfCH,), 

CCCXIII CCCXIV 

As discussed in Section 12.16.Le, oxazole carboxylic esters are at¬ 
tacked by LAH, and while 2-methyltetrahydrobenzoxazole (CCCXV) is 
cleaved by LAH to 2-ethylaminocyclohexanol the oxazoline (CCCXVI) 
nucleus is retained intact after treatment with LAH at low temperatures. 



CCCXV CCCXVI 

The thiazole nucleus (CCCXVII) is resistant to attack by LAH even 
under conditions involving large excesses of the reducing agent and ele¬ 
vated temperatures (233). A benzothiazolyl derivative (CCCXVIII) has 
been reported to yield the corresponding LAH reduction product without 
reduction of the heterocyclic nucleus (234). 



CCCXVII 


CCCXVIII 
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12.19.8 Azlnes and Related Conpoaads 

The pyrazine (CCCXIX) nucleus undergoes decomposition when treated 
with LAH (170). The LAH reduction of quinoxaline (CCCXX) (130) and 
2-oxo-l,2-dihydroquinoxalines (CCCXXI) (183) yields 1,2,3,4-tetrahydro- 
quinoxa lines. 



R a 

CCCXIX CCCXX CCCXXI 


Although the phenazine nucleus can be retained intact in the LAH re¬ 
duction of phenazine derivatives (188), the treatment of phenazine 
(CCCXXII) itself with LAH yields 5,10-dihydrophenazine (CCCXXIII) 
(188) or a molecular complex of phenazine and the dihydro compound 
( 130 ). 



The attempted LAH reduction of benzo[a]phenazine (CCCXXIV) has been 
reported to be unsuccessful (83). 

The reduction of benzo[c]cinnoline N-oxide (CCCXXV) yields benzo- 
[clcinnoline (83) which is reducible to a dihydro derivative which has not 
been isolated but has been characterized by its reducing properties (130). 




The LAH reduction of 4-hydroxy«6 v 7-benzoquinazoliue (CCCXXVI) 
yields l,2-dihydjro-4"hydroxy-6,7-bcnzoquinazoline (189)- 
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CCCXXVI 


(12-229) 


The pyrimidine moiety in thiamine (CCCXXVII) is not attacked by LAH 
(139,235), sodium borohydride or sodium trimethoxyborohydride (156,157). 
The attempted reduction of 2-amino-4-hydroxy-6-methyl-5-pyrimidylacetic 
acid (CCCXXVIII) with LAH has been reported to be unsuccessful (236). 
The purine system in cozymase is similarly not attacked by sodium boro- 


hydride (158). 

CH, 

CH,CH,OH 


N= =CH 

1 

C = 

1 

=c 

N=CCH, 

1 | 

CHjC C —CH, —] 

/ 


1 1 

H,N—C C—CH,COOH 

II II 



1 II 

N—C—NH, 

L> 

H 


N—C—OH 

CCCXXVII 


CCCXXVIII 


The reduction of 6-keco-2-phenyl-4,5-benzo-l p 3-oxazine (CCCXXIX) 
with excess LAH yields o-benzaminobenzyl alcohol while reduction with 
one-quarter mole of LAH yields a product postulated as 6-keto-2-phenyl- 
4,5-benzo-2,3-dihydro-l,3~oxazine (equations 12-147 and 12*148) (174). 

0 

1 


C*H, 


CCCXXIX CCCXXX 

The phenothiazine nucleus (CCCXXX) is not attacked by LAH (237, 
238). 
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CHAPTER 13 


Reduction of 

SULFUR-CONTAINING ORGANIC COMPOUNDS 


13.1 TfflOETHERS, THIOLS AND COMPOUNDS CONTAINING 
THE —sio— GROUPING 

I 

13. L1 Thloelhera or Sulfides 

Analogous co the behavior of ethers p chioechers or sulfides, R—S—R', 
are resistant to attack by the complex metal hydrides (1,2). 

Although cleavage occurs in the LAH reduction of cyclohexyloxyacecic 
acid, no cleavage products have been isolated in the reduction of the 
corresponding thio analogue (3). 


L. AH 

C,H,,OCHjCOOH -► C a H ll OCH 1 CH 1 OH + C.H..OH (13-1) 

L. AH 

C # H M SCH a COOH —C # H u SCH a CH a OH (13-2) 

2,2-Disubstituted-1,3-propanediols are prepared by LAH reduction of 
the corresponding malonic ester. However, although the LAH reduction 
of ethyl ethylmercaptomalonate (I) appears to proceed normally, none of 
the desired diol is obtained, apparently due co degradation co volatile 
produces (4). 


C.H. COOCjHf 

Q 




COOCjH, 



—CHNO. 

I 

CH, 


II 


The cleavage of the carbon-sulfur linkage in 1 -nicroethyl-p-tolylsulfide 
(II) to yield p-cresol (equation (12-197) under the influence of LAH (5) iS 

II 

related to the presence of the —NCS— grouping (Section 12.18). 

The reaction of a A 4 -3-ketosteroid with benzyl mercaptan in the pres¬ 
ence of zinc chloride yields the 3-benzylthioenol ether. This reaction 
has been utilized in the treatment of A 4 -3,17*dione steroids wherein the 
isolated 17-keto group is untouched. LAH reduction then reduces the 17- 
keto group while the 3-keto group is protected in the form of the 3-thio- 
enol ether which is resistant to attack by LAH. Hydrolysis of the thio - 
enol ethers with dilute mineral acids yields the A*-3-ketosceroid. This 
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sequence of reactions has been utilized in the synthesis of testosterone 
from 4-androstenedione (111) (6*8). 






(13-3) 


The 3-(/S-hydroxyethyl)thioenol ether (IV :R * HOCH a CH a ) has also been 
utilized in the synthesis of testosterone (6-8). The 3-benzylthioenol 
ethers of progesterone and 17(X-hydroxyprogesterone have been subjected 
to treatment with LAH to yield the corresponding 20j8-hydroxy-3-benzyl- 
thioenol ethers in 60 and 62% yield, respectively (9). The action of 
Raney nickel (fully active or partially deactivated) on 3-thioenol ethers 
(V) results in desulfurization (8,10). 



13.1.2 Compounds Containing the 


Raney Ni 


—sio— 



(13-4) 


Grouping 


Analogous to the non-reduction of 1,3-dioxolanes, 2,2-pentamethylene- 
1,3-thioxolane (VI) is not attacked by LAH in refluxing dioxane (11). 

H a C-CH, 

I I 

V 


H a c/ ^CH, 


H,C CH S 

C 

H, 

VI 
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Using ^3-mercaptoethanol in the presence of zinc chloride an unconju¬ 
gated carbonyl group is converted to a cyclic ethylenehemithioketal while 
a A*-3-keto group is not attacked. The hemithioketal group, containing 

the —SCO— grouping, is resistant coward reduction with LAH and 


upon acid hydrolysis regenerates the parent ketone (10,12). Applica¬ 
tion of this reaction to progesterone (VII) yields the following sequence 
( 12 ): 



This sequence of reactions has also been applied to 4-androstene-3|17~ 
dione (10). While Raney nickel treatment of 3-thioenol ethers results in 
desulfurization and hence conversion of the original carbonyl group into 
methylene, reaction with hemithioketal s regenerates the parent ketone in 
good yield (10,12). 



(13-6) 
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Both LAH reduction and treatment with Raney nickel have been utilized 
with allopregnane-3/9-acetoxy-ll,20-dione (VIII) (13). 



13.1.3 Thiols or Mercaptans 


The reaction of thiols with LAH involves the active hydrogen, the 
starting material being recovered on hydrolysis. The reaction of dithiols 
results in the generation of hydrogen sulfide and the formation of thiols 
(14). 



R a CHSH + H a S 


(13-8) 


This reaction has been applied to the following dithiols, with the mer¬ 
captans being isolated in the indicated yields in the form of the 2,4- 
dinitropheny lsulf ide s. 


% Mercaptan 


1.1- Prop anedichiol 32 

2 v 2-Propanedithiol 4 7 

3,3-P entanedi thiol 4 B 

1.1- Cyclohexanedithiol 33 


13.2 DISULFIDES 

The reduction of disulfides with LAH cleaves the sulfur-sulfur linkage 
to form a complex which on hydrolysis yields mercaptans. Hydrogen is 
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liberated aa a product of the reaction according to the equation: 

2 RSSR + LiAIH, -> (RS) 4 LiAl + 2 H, (13-9) 

The reduction is influenced considerably by steric factors (1,15). 
While the reaction of unbranched disulfides proceeds rapidly in ether, the 
incorporation of branched structures around the disulfide linkage increases 
the difficulty of the reduction. Di-n-butyl disulfide is reduced rapidly in 
ether while n-butyl-ferf-butyl disulfide is reduced at a moderate rate, Di- 
ferf-butyl disulfide is not reduced in ether solution (1,13) but reacts 
rapidly in tetrahydrofuran at 63° (13). The reduction of di-tert-dodecyl 
disulfide proceeds very slowly even under the latter conditions (13). 

The reduction of various disulfides with LAH is summarized in Table 
LXXXIII. 

Arnold, Lien, and Aim (13) have pointed out that the reduction of di¬ 
sulfides, proceeding by a scission of a sulfur-sulfur bond, must involve 
a different mechanism than the nucleophilic displacement on carbon pro¬ 
posed for compounds having electronegative elements such as oxygen, 
nitrogen or halogen attached to carbon, since the latter mechanism would 
yield hydrocarbons rather than the observed mercaptans from disulfides. 
Bordwell and McKellin (16) and Mousseron and his co-workers (3) have 
proposed a displacement of sulfur by attack of aluminohydride or hydride 
ion on sulfur. 


13.3 HUSULFIDES 

The reduction of trisulfides yields mercaptans according to the equation: 

2 RSSSR + 2 LiAlU, -► (RS) 4 LiAl + LiAlS, + 4 H a (13-10) 

On acidification hydrogen sulfide is liberated as well as mercaptans. 

This reaction has been applied to a limited number of compounds, as 
indicated below. 



% Mercaptan 

Ref. 

Di-n-propyl trisulfide 

66 

15 

Di-isopropyl tri sulfide 

65 

15 

Di-f«rf-dodecyl tri sulfide 

.... 

14 


The reduction of the simple trisulfides is carried out in ether while that 
of the tertiary compound is carried out in tetrahydrofuran at 63°. The 
blocking effect of the tertiary alkyl groups around the trisulfide linkage 
is apparently weaker than around the disulfide linkage since the reaction 
proceeds more rapidly with di-tert-dodecyi trisulfide than with the di¬ 
sulfide and yields the quantitative amount of hydrogen according to 
equation (13-10). 
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13.4 TETRASULFIDES 

Isopropyl tetrasulfide (IX), the only example of this type of compound 
whose reduction with LAH has been reported, has yielded 12 % isopropyl 
mercaptan, isolated as the 2,4-dinitrophenyl sulfide (14). 

S 

^ LAH 

(CH a ),CH—S—S—S—CH(CH s ) a L (CH.^CHSH (13-11) 
IX 


13.5 EPISULFIDES 


The LAH reduction of 1,2-epithiocyclohexane (X) is analogous to that 
of 1,2-epoxycyclohexane and yields cyclohexanethiol (3,17). 




(13-12) 


13.6 SULFOXIDES 

13.6.1 Reductions with Lithium Aluminum Hydride 

Although it was originally reported by Strating and Backer (1) that sulf¬ 
oxides are not attacked by LAH, it has since been reported by inde¬ 
pendent workers that sulfoxides may be reduced to thioethers by LAH in 
the usual solvents (18,19). 

It has been reported that diphenyl sulfoxide is reduced to diphenyl 
sulfide (20) while 4-androstene-3 v 17-dione 3-benzylsulfoxidoenol ether 
(XI) is reduced with LAH in tetrahydrofuran to testosterone 3-benzyl- 
thioenol ether (9). 




Bordwell and McKellin have proposed that the reduction proceeds by 
attack of A1H 4 ® ions on sulfur to displace oxygen or by attack on oxygen 
(16). Brown has indicated that the reduction consumes one-half mole of 
LAH per mole of sulfoxide (21). 
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18.6.2 Redactions with Sodium Borohydride 

Protogen-B, a sulfur-containing compound isolated from liver and pre¬ 
sumed to be a sulfoxide, on reduction with sodium borohydride yields a 
dithiol, while treatment with Raney nickel gives octanoic acid (22). Mild 
oxidation of the dithiol gives a disulfide for which structure XII has been 
postulated and the name 5-thioctic acid has been proposed. 

CH a (CH a ),COOH 

s-s 

XII 

Synthesis of XII gives 6-thioctic acid (6,8-dithiooctanoic acid) as a 
by-product. Oxidation to the sulfoxide followed by reduction with sodium 
borohydride gives the dithiol which is reoxidized with iodine to the intra¬ 
molecular disulfide (23). 


18.7 SULFONES 

The reduction or non-reduction of sulfones is a function of sulfone 
structure and reaction conditions. Strating and Backer (1) reported that 
sulfones are not reduced by LAH. Bordwell and McKellin (16), in an ex¬ 
cellent study on the reduction of sulfones, reported that increasing the 
reaction temperature to 92 ° results in the reduction of compounds which 
are not attacked in refluxing diethyl ether at 35 °. 

13.7.1 Open-chain Sulfones 

13.7.1.a Aliphatic Sulfones . The following open-chain aliphatic sul¬ 
fones have been treated with LAH in diethyl ether with resultant reten¬ 
tion of the sulfone grouping: 




Ref. 

CjH.0^ 

Dimethyl sulfone 

16 

c,h t no # s 

Bis-methyl sulfonylnitrome thane 

24 

c 4 h 10 0 1 s 

Diethyl sulfone 

16 

C*Hi,0,S 

Di-n-butyl sulfone 

16 


While treatment of di-fi-butylsulfone with three moles of LAH in diethyl 
ether at 35° for 24 hours results in an 83% recovery of sulfone and no 
yield of reduced product, when the reduction is carried out in ethyl butyl 
ether at 92 °, after 2.5 hours a 26% yield of di-n-butylsulfide is obtained, 
and after 18 hours the yield of sulfide is 73% (16). The treatment of di- 
* erf-butyl sulfone with LAH at 92° for 18 hours gives no sulfide (16). 
This inertness is rationalized by assuming a steric effect analogous to 
the non-reduction of di-fer/-butylsulfide. 

Cronyn (25) repotted that sulfones of the type RCHfSOjCjH,), are not 
reduced with LAH. This is attributed to the formation of a salt which 
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resists further reaction. Reduction of sulfones of the type R,C(SO J C a H l ) a 
does not proceed as expected. Treatment of SpS-bis-fcthylsulfonyl^tB- 
dimethylnonane (XII) with three moles of LAH in diethyl ether gives a 
61% yield of 3-isoamyl-6-methyl-2-heptene. 


/SOjCjH, 

[(CH,) 1 CHCH J CH 1 ] 1 C( 

'SOjCjH, 

XII 


[(CH, ) 1 CHCH 1 CH,] 1 C =-CHCH, 

(13-14) 


The proposed mechanism involves attack on the Ot-hydrogen of the di- 
sulfone to initiate an intramolecular 1,3-nucleophilic displacement of 
sulfinate to give an intermediate three-membered sulfone which loses 
sulfur dioxide to give the alkene. 


^/SOjCHjCHj 

n so j ch,ch i 

xm 




e 

HCH, + SO,CH,CH, 
(13-15) 


RjC^CHCH, + SO, 

Reduction of 5,5-bis-(ethylsulfonyl)nonane (XIV) with four moles of LAH 
in ether gives 50% 3-butyl-2-heptene (XV) and 13% 5-ethylthiononane 
(XVI). 


(CH.CH a CH 1 CH a ) j 
XIV 



LAH 


(CHjCHjCHjCHj^C =CHCH, (XV) 

+ (13-16) 
(CH 1 CH a CH a CH a ) J CH—S—CHjCH, (XVI) 


Reduction of XIV with three moles of LAH in tetrahydrofuran gives 63% 
of XV. Reduction of l,l-bis-(ethylsulfonyl)cyclobutane with LAH gives 
at least one sulfur*containing product which has not been further identified. 

13.7.1.b Aromatic Sulfones • Nystrom (20) and Marvel and Caesar (26) 
reported that diarylsulfones are not reduced with LAH in ether but the 
latter suggested that the use of tetrahydrofuran might improve the reac¬ 
tion. Reduction of di-p»tolysulfone (XVII), presumably under the latter 
conditions, gives p«toluenesulfinic acid (27). 



XVII 


(13-17) 
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Knusli (28) reported chat reduction of a series of substituted diphenyl- 
sulfones (XVIII) with LAH in a mixture of ether and benzene results in 
retention of the sulfone grouping. 


rr“''CX 

^^TJHCOCHjNR', 

xvm 

'SO, 


LAH 




(13-18) 


NHCH,CH,NR', 


RjN 

R R' 

CH, CH„ C,H„ n-C, H„ n-QH, 

C*H. C,H| 

Bordwell and McKellin (16) have shown that diphenylsulfone (XIX) is 
reduced to diphenylsulfide in 71% yield after two hours at 92° while 12 
hours at 35° results in non-reduction. 


LAH 

C^SO^H, C fl H B SC 6 H, (13-19) 

XIX 


13.7.1.c Aralkyl Sulfones . The product of the LAH reduction of aralkyl 
sulfones is apparently dependent upon the structure of the sulfone. The 
reduction of p-tolylacetonylsulfone (XX) in ethereal solution results in 
retention of the sulfone group (29). 

SOjCHjCOCH. 

Vti ij 

XX 

Reduction of 1-nitroethyl p-tolylsulfone (XXI) results in cleavage to 
yield p-toluenesulfinic acid (XXII) (5). 





XXI 


LAH 

B0% 



XXII 


(13-21) 


Benzyl p-tolylsulfonc (XXIII) also gives XXII as the reduction product 
(27). 


CH 


✓ 

I 



(13-22) 


XXIII 


XXII 
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Field and Settlage (30) reported chat che reaction of p-tolylsulfonyl- 
earbinol (XXIV) with ^-toluenesulfonyl chloride in the presence of pyri¬ 
dine gives a product which has been presumed to be p-tolylsulfonyl- 
carbinyl p-toluenesulfonate (XXV), The LAH reduction of XXV gives a 
mixture of di-p-tolyidisulfide and p-thiocresol. 



The reduction of phenyl ethyl sulfone (XXVI) with a 9 = 1 mole ratio of 
LAH to sulfone in ether for one-half hour gives no sulfide, while with a 
3 :1 ratio reduction at 92° for two hours gives 14%, and after 8 hours 60% 
of phenyl ethyl sulfide (XXVII). The reduction of phenyl vinyl sulfide 
(XXVIH) at 92° after 2.5 hours and 18 hours gives 12% and 14%, respec¬ 
tively, of XXVII ( 16 ). 


C B H B SO a CH a GH a 
XXVI 

C 8 H B SO a CH=CH a 
XXVIII 


LAH 



LAH 


; C 6 H B SCH a CH. 
XXVII 


(13-24) 


13.7.2 Dlsulfones 

Strating and Backing (1) reported that the LAH reduction of di-p-tolyl 
disulfone (XXIX) in ethereal solution gives 60% of di-p-colyl disulfide 
and 13% of p-thiocresol. 
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18.7.3 Cyclic Salfbcea 


Bordwcll and McKellin ( 16 ) repotted that the LAH reduction of 

5- membered ring sulfones is roughly 100 times as rapid as that of 

6- raembered ring and open-chain sulfones. 

The reaction of benzothiophene 1-dioxide (XXX) with excess LAH in 
diethyl ether yields 55% of 2|3-dihydrobenzothiophene in 30 minutes and 
79% in 18 hours. Benzothiophene is not reduced in measurable quantity 
in 18 hours while 2,3-dihydrobenzothiophene 1-dioxide (XXXI) gives 92% 
of dihydrobenzothiophene in 30 minutes. 



XXX XXXI * 


(13-26) 


The first stage of the reduction is postulated as a slow reduction of XXX 
to XXXI since benzothiophene is apparently not an intermediate in the 
reduction. 

Although the reduction of 6-membered ring sulfones, as in XXXII and 
XXXIII, proceeds with difficulty in diethyl ether at 35 °, the yield is con¬ 
siderably increased in ethyl butyl ether at 92°. 



O, 

XXXII 



O, 

XXXIII 


The LAH reduction of various cyclic sulfones is summarized in Table 
LXXXIV. 

13.7.4 Mechanism of Redaction 

The reduction of sulfones is postulated ( 16 ) as resulting from a dis¬ 
placement of oxygen by attack of A1H 4 ® ions on sulfur. An alternate 
mechanism is the attack of aluminohydride ions on oxygen. 


13.8 SULFONIC ACIDS AND ANHYDRIDES 

No examples of the LAH reduction of sulfonic acids have been reported. 
Field and Grunwald (31) have reported that the LAH reduction of ben- 
zenesulfonic anhydride (XXXIV) yields either benzenesulfinic acid 
(XXXV) or thiophenol (XXXVI) depending upon the reaction conditions. 
Addition of 0.62 mole of LAH per mole of XXXTV in ether at -70° gives 
63% of the acid (XXXV) and a trace of XXXVI. 

(C.H.SO,)10 C.H.SO.H + C.H.SH (13-27) 

XXXIV XXXV XXXVI 
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I All 

CHgCHjCH a CH a SO a Cl —CH 1 CH a CH a CH a SH (13-32) 
XXXIX 

The following stoichiometric equation was proposed: 

2 RSO a Cl + 3 LiAlH 4 -> (RS) a LiAlCl a + 6^ + 2 LiA!O a (13-33) 

Caesar (27) reported that the reduction of phenoxybenzene-4,4'-disul- 
fonyl chloride (XL) with LAH in tetrahydrofuran gives phenoxybenzene- 
4,4'-dithiol. 



XL (13-34) 

A sulfinic acid was tentatively identified after reduction of the disulfonyl 
chloride (32). 

Schlesinger and Finholt (33) and Nystrom (20) reported the formation of 
a mixture of 60% of thiophenol and 32% of diphenyl disulfide by the LAH 
reduction of benzenesulfonyl chloride (XLI). 

r AH 

C 6 H 5 SO a Cl -► C 6 HgSH + C 6 H b S — SC 6 H 3 (13-35) 

XLI 

Field and Grunwald (31) attempted to duplicate the report of Strating 
and Backer (1) that treatment of p-toluenesulfonyl chloride (XXXVII) with 
1.5 moles (0% excess) of LAH gives 90% thiocresol, according to equa¬ 
tion (13-29). A 90% yield of an impure product, m.p. 38-81 °, was ob¬ 
tained from which pure p-thiocresol could not be obtained by the recom¬ 
mended recrystallization procedure from aqueous alcohol. Reduction of 
XXXVII with a 23% excess of LAH gives 71% of p-thiocresol while a 42% 
excess gives 83% Of p-thiocresol. The inverse addition of a 62% excess 
of LAH to a refluxing sulfonyl chloride solution in ether gives 89% of 
p-thiocresol and 7% of p-toluenesulfinic acid (XLII). 



XXXVII XLII 


The inverse addition of 0.57 mole of LAH to an ethereal solution of 
XXXVII while maintaining the temperature at —20° gives a 93% yield of 
p-toluenesulfinic acid (XLII). Normal addition followed by refluxing re¬ 
duces the yield of XLII to 63-77%. The stoichiometry of the reduction 
was proposed as follows: 

2 RSO a Cl + LiAlH 4 -> (RSO^LiAICl, + 2 H, (13-27) 

Strating and Backer (1) reported that disulfides are not intermediates in 
the reduction of sulfonyl chlorides to thiols. Sulfinic acids were also ex- 
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eluded as intermediates since they are reduced to disulfides. Field and 
Grunwald (51) obtained di-p«tolydi sulfide in 25% yield by the addition of 
the sulfonyl chloride to an amount of LAH insufficient to reduce it com¬ 
pletely to the thiocresol but more than sufficient to reduce it to the sul- 
finic acid salt. A similar reduction of benzenesulfonyl chloride (XLI) 
gave 37% of diphenyldisulfide and 48% of benzenesulfinic acid. 

C,H,SO,CI C,H,SO,H + C,H,S—SC,H, (13-38) 

XLI 

The inverse addition of 0.63 mole of LAH to an ethereal solution of 
XLI at -65° gives 89% of benzenesulfinic acid. The mechanism of the 
reduction has been postulated (16 V 31) as a nucleophilic attack of alumi- 
nohydride ion on sulfur displacing the chloride ion, followed by attack of 
the complex ion on the hydrogen of the resulting sulfinic acid with the 
formation of a sulfinate salt and hydrogen. 

RSO,Cl A1H *" RSOjH + Cl® 

■* RSO,® + H, (13-39) 

Alternatively the reaction may occur via an unstable intermediate formed 
from the sulfonyl chloride and AlH*® to give the products in one step. 

The rapid reduction of the p-toluenesulfinic acid salt, preformed at 
-20°, to p-thiocresol in 85% yield upon heating with excess LAH shows 
that the sulfinic acid salt is not stable once formed and may be an inter¬ 
mediate in the reduction to the thiol. 

Field and Grunwald (31) postulated two competing paths in the reduc¬ 
tion of sulfonyl halides to thiols: 

a) The formation of a sulfinate salt and its direct reduction by excess 
LAH; 

b) Reaction of the sulfonyl chloride with the sulfinate salt giving a 
disulfone, or with a metal raercaptide giving a thiosulfonate, either of 
which is reducible to a disulfide, followed by reduction of the disulfide 
to the thiol. 

These steps can be schematically summarized as follows: 

non » xvowi 

t 

RSO.M «-RSOjH 

_t_ 

- RSO,Cl - 

RSO,SO,R-► RSSR -—RSO, SR 

RSH 
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The inverse addition of LAH to an ethereal solution of /S-styrene- 
sulfonyl chloride (XLI1I) at —70° has been reported to give 78% of 
jS-styrenesulfinic acid isolated as the sodium salt. 

I All 

C fl H B CH =CHSO a Cl C a H b CH =CHSO a H (13-40) 

XLIII 

Reduction of methanesulfonyl chloride at —70° liberates 85-90% of the 
quantity of hydrogen corresponding to reduction to the methanesulfinate 
salt. However, attempted isolation of the acid has been unsuccessful 
(31). 


13.10 SULFONIC ESTERS 
13.10.1 Redactions with Lithium Aluminum Hydride 

The LAH reduction of sulfonic esters usually proceeds by one of two 
reaction paths to yield either hydrocarbons or phenols (34-36). 

I AH 

ROSO,R' RH + HOSOjR' (13-41) 

LAH 

ROSO a R' ROH + HOSOR' (13-42) 

13-lO.l.a Aliphatic and Alicyclic Sulfonic Esters . The LAH reduction 
of alkyl tosylates generally proceeds according to equation (13-41). 
Gilman (37 y 38) found that the alkyl esters of aromatic sulfonic acids re¬ 
act with both aromatic and aliphatic Grignard reagents, giving the hydro¬ 
carbon and the alkyl halide. Kenner and Murray (39) reported that the 
catalytic hydrogenation of alkyl tosylates over Raney nickel gives alco¬ 
hols according to equation (13-42). 

Schmid and Karrer (34) reported that the LAH reductions can be carried 
out in refluxing benzene-ether mixtures, frequently only after prolonged 
periods. On the other hand, Strating and Backer (1) point out that the re¬ 
duction of sulfonic esters of primary alcohols occurs almost completely 
instantaneously while several hours refluxing in ether suffices for the 
esters of secondary alcohols. The LAH reduction of codeine tosylate 
cannot be carried out in ether (40) but is accomplished in high yields in 
tetrahydrofuran (40,41). 

The LAH reduction of various aliphatic and alicyclic sulfonic esters, 
including mesylates and tosylates, to hydrocarbons is summarized in 
Table LXXXV. 

The LAH reduction of alicyclic sulfonic esters to hydrocarbons has 
been utilized in the synthesis of labeled compounds. Thus, Alexander 
bas converted f-menchyl tosylate to frons-p-menthane (XLV) with LAH 
while on reduction with lithium aluminum deuteride the product is 
3-deutero-frons-p-methane (XLVI) (42). 



TABLE LXXXV 

LAH Reduction of Sulfonic Esters to Hydfoearbons 


856 


REDUCTION OF SULFUR-CONTAINING COMPOUNDS 


13.10 






* ON CN 

^ ^ c\ 


CM O I"" W' V? 
ir\ r- ^ Cn m 


U 

-T3 *0 | . 

‘u § 5 

« M -g 
-a u « J2 

• -4 - pC u 

u a o 

« o - u 

s s 2 O 

i ^£S- 

1 8 « - • 

S S2£. 

g I 8 3 .{• i 1 

S H S «{ t 
0. aSzlbl 


ligft s * 

o. in ►. 5 

2 £v H ^ 

J5 w £ o 

O o u 

1 jj g-3 & 

W E c *7 u >i 

5 <n 7 9 ^ *S 

g x S' 8 2S 

I JJ o u ^ 2 

, X 2 H .2 U, § 

-UzO'C * 


* J 
, D Q 
E 4 6 u 
■5.2 g 

E E u 

d d y 
s -r -a 

i >* ►» « 
i to m m 

! o o 5 
! H H x 
! e 


C“ Q 
J2 — J= 

III 

a | <4 j 
2 o -£ 
air * w 
■c ►* 2 "SL 
H -S 21 

«N ^ C V 
• 25 i c 

-1 vi 


V tj 

*Q"R 
"u w * 
& £ 2 

V d “ 

►."SL ►* 
•S S' g- 
! Jfi 

2 

*n e 


; 

J U 


^ «i a 

E* *4 M 

2 g ►* 

“ ST 2 
£2*2 
g'J.’S J! 

e js «i ►. 

—i fc* Q (f) 

>, U JJ n 
H fitS 

2 -S u 

■s &J! £ 

u^S 

S'° Ji * 

>s u o a 

g t Sf£ 

i-I t' 

jj* O N 

i, w ■ 

.2 i 1 i 

I .a i+« 

^ b V W 


■i £ 

5“ J* 

“5 £ 

o u 

•3 & 

i ►» ■ 

, U «n 


U «J V 

■S SS 1 

"•5. » ’ 

5 “ 3. 

'fir 

6 g *5 
v H •> 

i H H 



■1 

“l 

o 

o 

o 

3 

s 

ft 

3a 

ai 

mt 


u 

u 

u 


uF „ 

VL “l ^ z » ‘'l r? 

uuuuuu 


2 i -8 

js Sr r 

i 8 9 

M w J, 

O O ^ 

** g X 

—I O W 

' 14 ^ 

S g'’o S S 

- — a u * j 

Efe» |j e «5 m w 

I «,£ « 0 D 

1 s.a-*-3* 

f-ti? -a •? 

1 U N O t 

;iN>f 

1/3, « 

itjS 

3 * , ‘^ 5 * 

J J Jo 



13-10 


SULFONIC ESTERS 


857 


^ o O 00 

H fN (S H 


H H fO-^ ^ SO 
(N (N IN N (N N 


r* 6 \r\ 

oo 


^ s o » s a 

H iT\ VO h Q CD 

u ir\ ^ vo ^ 
t 


►» 

c 

01 

J3 

& 

I -5 

-fi 

• Sc 

J -Si 

i oi e 
5 C JS 

.5 « o 

E QJ oJ ►* 

*su 

n u u u 

i5 I t j a 


u ■&. c 

g g'S 

I i-s 

q c | 4 g 

a u Z m H 

JS JS 1 o 0 
t3 "Z Cl. M Cfl 
c e T" 3 u 
U O 5 OQ 

mu 


r j 

<3 iA u u ku - 


— u V 

Sr s 5 

2 Tt fc> 


^ sk 

W w " g 
V V 0J 2 

a as,.: 

& s-£a 

8 8 h 

U OJ --5 w 
d a ►. w 
T. ‘2 « w 

w gi o 
"O ° u 2 
a v M 
0 2 rn U 


c/T "I 

o o o © 

5 I t I 

* = 



in 

2 

V) 



* 

°,° s 

£ 

X 

sc SC 

► 

a 

A 5 

U 

u 

U U 



REDUCTION OF SULFUR-CONTAINING COMPOUNDS 


CHART TO TABLE LXXXV 


C t H t = p-tolyl 



H 

^9 

^^^^SOjOCH, 



SULFONIC ESTERS 


CHART TO TABLE LXXXV (continued) 

vin 

CHgOSOgCfHy 

C T HySOgNHCH 
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The unsaturated hydrocarbon, p-menthene, has been reported as a trace 
product in the reduction of /■ menthyl tosylate to p-menthane (34). 
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The LAH reduction of 2,2,2-triphenyl ethyl tosylate (XLVII) proceeds 
as expected to yield the hydrocarbon. However, the neopentyl system re* 
arranges readily under basic conditions so that the product is 1,1,2* 
triphenylethane (XLVIII). Rearrangement also occurs in the reaction of 
XLVII with methylmagnesium iodide to yield l,2,2*triphenylpropane (XLIX) 
(43). 


9.H, 


C.H. 

C 6 H,CCH,OSO, 

C.H, 

XLVII 






C g HjCHCH, C e H, (13-45) 
XL VIII 


C g H. 

C g H.C^CCH, 

C # H. 

XLIX 


(13-46) 


Goering and Serres (44) reported that the monotosylace of cis-3-hydroxy- 
cyclohexylmethanol (L) can not be reduced directly to the 3-methyl eye lo- 
hexanol with LAH V presumably in diethyl ether, but instead is converted 
to the endomethyleneoxy compound (LI). It has been postulated that this 
conversion involves formation of the alkoxide ion which undergoes in¬ 
ternal displacement. 




In order to prevent oxide formation the monptosylate is converted to the 
tetrahydropyranyl ether (LII) which is not isolated but immediately re¬ 
duced with LAH. The ether (LIH) obtained in this way is converted to 
cis-3-methylcyclohexanol by acid hydrolysis. 
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Cram (47) has carried our an extensive stereochemical study of the 
LAH reduction of various tosylates to hydrocarbons and olefins. Treat¬ 
ment of the p-toluenesulfonate of L-(+)-rAreo-3-phenyl-2-butanol (LVI) 
with a saturated ethereal LAH solution gives frans-2-phenyl-2-butene and 
(+)-2-phenylbutane while the p-toluenesulfonate of L-(+)-ery/&ro-3-phenyl- 
2-butanol (LVII) gives cis-2-phenyl-2-butene and (+)-2-phenylbutane. 


CH, 


\ 


H 


H....C—C—OTs 

c.h/ 'ch, 

LVI 


CH, 


V 


CH, 


H-..C—C—OTs 

7 

C,H, H 

LVII 


CH H CH, 

LAH c=c; + H - .C- -CH.CH, 

/ \ / 

C,H, CH, C ( H, 

(13-50) 

CH, CH, CH, 

C=C + H-.-C—CH.CH, 

/ \ / 

H C,H, 

(13-51) 


C.H, 


The elimination reaction giving the olefin is predominantly trans in its 
steric course and follows a bimolecular mechanism. 


H CH H 

H—Al^ H -^^-C'— 


LVI 




/ 


-OTs 


C.H, 


Transition states 


CH, 


CH,^ H 

c=c( 

c.h/ ch, 

(13-52) 


H 


LVII 


LAH 


i © c *v , CH > 

H— Al-^tT H-/£J-C—C-OTs 


Li® H 


C.H, 


/ 


H 


CH, CH, 

e=c 

C.h/ \l 
(13-53) 


In the reduction that accompanies the elimination reaction the major 
reaction is that of simple nucleophilic displacement of the tosylate group 
by the aluminohydride ion. Some migration of the phenyl group occurs 
during the reaction producing partially racemized 2-phenylbutane. Proba¬ 
ble paths for the formation of racemic hydrocarbon are indicated in Flow 
Sheet V and involve the phenonium sulfonate ion-pair as intermediate. 

Treatment of the p-toluenesulfonates of the isomers of 2-phenyl-3* 
pentanol (LVIII) and 3-phenyl-2-pentanol (LIX) with solutions of LAH 
produces four sets of products. Ail of the isomers undergo a simple re¬ 
duction reaction and a reduction with rearrangement to give mixtures of 
2- and 3*phenylpentane y as well as a simple elimination and an elimina¬ 
tion with rearrangement to give 2- and 3-phenylpentenes (48). 
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FLOW SHEET V 


n uis 

chX / 

'^ C - C ^CH 
/ \ ’ 

CgH, H 

LVI 


A 


H H 

X, 

H : H 


X— c' P -^± 


/XV a/XV 




LVI u*ajh.-. CH.fclv X^Ci;, 

(racemic) y + C \ 

C,H, \,H, 


H. OT» 

CH.^c_ X 

/ V 

C.H, CH, 

LVII 


A\° 


\i ?/"■ 


H H 

X 

H V ? PH, 


Si 1/ Path A \i !/ 


/Y\ l, * a,h *' c /X.\ 




C— CH.CH, 


LVII L ‘ <AiH, ~ -» CH ^C —C,H, + C.H. — C^ H 
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1 2 3 4 S 

CH,CH —CHCH-CH. 

I I 

C,H, OTs 

LVffl 

|lah 

l 


l l 

CH i CHC,H 7 + C a H 0 CHC a H B + 2-phenyl- + 3-phenyl- (13-54) 

| | pentenes pencenes 

c 6 H, C 6 H b 

simple reduction- simple elimina- 

reduction rearrange- elimina- cion- 

ment cion rearrange¬ 

ment 

CjHaCHCjH. + CHjCHCjHj + 3-phenyl- + 2-phenyl- (13-55) 
| | pentenes pentenes 

c 6 H § c # h b 

t_L_1_T 


|LAH 

5 4 3 2 1 

CHjCHaCH—CHCHj 


C s H b OTs 
LIX 

The simple reduction reaction occurs without alteration of the stereo¬ 
chemistry at carbon atom 2 while the reduction rearrangement reaction is 
stereospecific and carbon atom 2 is inverted during the rearrangement. 
The extent to which the latter reaction takes place as compared to the 
simple reduction varies with the configuration and structure of the start¬ 
ing material and is affected by steric influences, erythro compounds giv¬ 
ing a higher percentage of rearranged to unrearranged alkylbenzene than 
starting materials of the threo configuration. The higher the concentra¬ 
tion of LAH in the reducing solution, the greater is the amount of rear¬ 
ranged alkylbenzene and the larger the amount of rearranged olefin. A 
catalytic effect of LAH on the isomerization of the tosylates is con¬ 
sidered probable although it has been suggested (49) that aluminum hy¬ 
dride, a weak acid, is the actual catalyst and not the relatively basic 
LAH. The greater part of rearranged olefin and alkylbenzene comes from 
rearranged sulfonate ester. Polarimetric and infrared analyses indicate 
that small amounts of unconjugated and optically active 4-phenyl-2- 
pentene are produced in the elimination-rearrangement reaction. 

13.10'l.b Sugar Tosylates . The LAH reduction of sugar tosylates fre¬ 
quently yields alcohols. While 6-tosyldiacetone-D-galactose<l,5>(LX) 
is reduced after 30 hours refluxing in a benzene-ether mixture to diace- 
k tone-D-fucose <1,3> f the primary tosylate group in 1 -tosyl-jP-diacetone- 
D-fructose <2 ,6b (LXI) is reduced to the alcohol, i.e., 0-diacetone-D- 
fructose<2,6>, after 48 hours refluxing (34). 
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LXI (13-57) 


The tosyJate group in LXI is converted into p-toluenesulfinic acid and 
p ,p'-ditoIyIdi sulfide. 

The LAH reduction of 3-tosyldiacetone-D-glucose<l,4>(LXII) in a 
benzene-ether mixture after 28 hours yields diacetone-D-glucose<l,4> and 
p-toluenesulfinic acid (34). 




LXTT 




13.10 


SULFONIC ESTERS 


867 


2-Tosyl-4 l 6-benxylidene-(X-methyl-D-altroside«3-methyl ether (LXIII) is 
recovered unchanged after one hour treatment with LAH in tetrahydro¬ 
furan. After 30 hours an almost quantitative yield of 4,6-benzylidene-CX- 
methyl-D-altroside-3-methyl ether is obtained (50). 



LXIII (13-59) 


The greater resistance of the secondary tosylate group as compared to 
the primary group to LAH reduction is shown in the isolation of the 2 P 4- 
ditosyl compound after one-half hour of refluxing of 2 f 4 f 6-tritosyl-j8- 
methyl-D-idoside-3-methyl ether (LXIV) with LAH in tetrahydrofuran (52). 



By varying the reaction conditions Bolliger and his co-workers have 
selectively reduced the three functional groups in 4,6-ditosyl-2,3-anhydro- 
tt-methyl-D-alloside (LXV) and have observed the following relative re¬ 
activities: epoxide > primary tosylate > secondary tosylate. Treatment of 
LXV with LAH in an ether-tetrahydrofuran mixture at 18° for 6 hours 
gives 47% of the 4 v 6-ditosyl-2-desoxy compound (LXVI) and 43% of un¬ 
changed LXV (53). Refluxing LXV for one hour in tetrahydrofuran re¬ 
duces the terminal primary methylenetosyloxy group to methyl and opens 
the epoxide ring to yield 4-tosyl-0t-methyl-D-digitoxoside (LXVII) (51). 
Refluxing LXV for 6 hours in tetrahydrofuran or 15 hours in ether reduces 
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the secondary tosylozy group as well as regenerates the original hydroxyl 
group to yield (X-methyl-D-digitoxoside (LXVIII) (31). 



LXVI 



LXV LXVII 



HCOH 


ur 


(13-63) 


CH, 


LXVIII 
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13.10.1.c Triterpene Tosylates. Although LAH reduction of the tosyl¬ 
ates of the triterpene derivatives, trametenol (LXIX) and trametenediol 
(LXX) yields hydrocarbons (34), 


c,.h 41 





CH, 

CH, 


LXIX 


(13-64) 






ICHOH 

[CH. 


(13-65) 


LXX 


the reduction of the monoacetate tosylate of moradiol (LXXI) yields 
moradiol (53). 

lxxi (13-66) 

13.10.1.d Steroid Tosylates ■ The course of the LAH reduction of 
sterol tosylates is determined by the position of the sulfonic ester groups 
as well as the unsaturation present. The reduction of cholestan-3-ol 
tosylate (LXXIlj is reported to yield 83% of cholestane accompanied by 

cholestan-3-ol (1). 




(13-67) 


The LAH reduction of cholestan-6ot-ol tosylate (LXXIII) yields 38% of 
cholestane and 57% of cholestan- 60 C-ol (56 p 57). 
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LXXm was originally designated as the 6/9-o I (56) but this was later 
corrected to the 6(X-configuration (57). The reduction of cholestan-7/3-ol 
tosylate (LXXIV) yields 92% of cholestane (56 f 57). 



LXXIV 

An attempt to reduce 3/S-methoxy-5-niethyl-6/S-mesyloxy-10-nor-8(9)- 
cholestene (LXXV) with LAH has been reported unsuccessful, only a 
small amount of starting material being isolated from the reaction (58). 



Schmid and Karrer (34.39) reported that refluxing cholesteryl tosylate 
(LXXVI) with LAH in an ether-benzene mixture for 20 hours gives 22% 
of cholest-5-ene (LXXVII) and 30% of the cyclosteroid i-cholestene 

(LXXVin). 



Lxxvin 
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Strafing and Backer (1) reported that LAH reduction of LXXVI in ether 
gives 22% of cholest-5-ene (LXXVII) after one-half hour while a 4-hour 
reflux is sufficient to give 94 % of a mixture of LXXVII and LXXVin. 
After 3 hours refluxing p cholesteryl mesylate is converted in 86% yield 
to a mixture of LXXVII and LXXVIII in which the hydrocarbons are pres¬ 
ent in a different proportion than when derived from the tosylate. 

The reduction of the epimeric epi -cholesteryl tosylate (LXXIX) has 
been reported to yield 19% of cholest-5-ene (LXXVII) and 74% of cholesta- 
3 f 5-diene (LXXX) while no cyclosteroid is isolated (60). 




(13-71) 


LXXX 


The LAH reduction of 3-tosyloxy-5-pregnen-20-one (LXXXI) is reported 
to yield a product with a wide melting point whose analysis corresponds 
to a pregnenol. Oxidation of the product with chromic acid yields 
5-pregnen-20-one. The reduction product has therefore been considered 
to be a mixture of isomeric 5-pregnen-20-ols (56). 
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In view of the produces obtained in the LAH reduction of the A'-steroids 
LXXVI, LXXDt, LXXXII, and LXXXm it is probable that the wide melt¬ 
ing point of the product is indicative of the presence of analogous 
compounds. 

The LAH reduction of 3-tosyloxycholest-5-en-4-ol (LXXXII) yields an 
inhomogeneous product which has been separated chromatographically 
into three fractions: 29% of cholest-5-en-4-ol, 3% of cholesM-ene, and 
3.8% of an unidentified product, C a7 H 4C O l m.p. 98°. The latter compound 
yields a p-nitrobenzoyl ester, m.p. 169-170 °, and on catalytic hydro¬ 
genation over platinum oxide in acetic acid takes up one mole of hydro¬ 
gen to yield a saturated alcohol, m.p. 84°, which is not identical with 
any known cholestanol or coprostanol. It has been postulated that an un¬ 
stable iso-cholesten-4-ol is formed which is stabilized through rearrange¬ 
ment (36). 



OH 

LXXXII 


Reduction of ergosteryl tosylate (LXXXIII) yields 56% of A 7p ”-i-ergos- 
tatriene and a small amount of ergosterol. Reduction of 7-dehydrochol- 
esteryl tosylate (LXXXIII) yields 38% of A 7 -z-cholestadiene and 55% of 
7-dehydrocholesterol. No cholestene corresponding to the normal hydro¬ 
carbon is isolated in either case (6l). 



Lxxxra LXXXIV 





HO' 


(13-74) 
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The i-steroid 
stabilization: 


LXXXIII 


-OTi 


has been postulated as arising through a resonance 



L XXXIV 
(13-75) 


13.10.1.e Alkaloid Tosylates . As indicated in Table LXXXV, the 
LAH reduction of alkaloid tosylates in which the sulfonic ester grouping 
is attached to a non-aromatic ring or to a side chain yields the corres¬ 
ponding hydrocarbon. Thus, codeine (40,41) and neopine (40) tosylates 
are reduced to the desoxy compounds. The LAH reduction of yohimbyl 
alcohol tritosylate (LXXXV) yields 16-methylyohimban (62). 



LXXXV (13-76) 


13.10.1.f Aromatic Sulfonic Esters . The LAH reduction of aryl sul¬ 
fonic esters yields phenols instead of the hydrocarbons obtained from 
alkyl tosylates (l v 34). This is the case with both tosylates and mesy¬ 
lates. Aryl esters of aromatic sulfonic acids do not react with alkyl 
Grignard reagents, while arylmagnesium halides yield diarylsulfones and 
phenols (37). Catalytic hydrogenation over Raney nickel converts aryl 
tosylates into aromatic hydrocarbons (39). 


ArOSO a R 



ArH + HOSO a R 
ArOH + HOjSR 


(13-77) 

(13-78) 


The LAH reduction of various aryl esters of sulfonic acids to phenols 
is summarized in Table LXXXVI. 


13.10.2 Reductions with Lithium Borohydrlde 

Friedman (63) has reported, without experimental details, that tosyl¬ 
ates are readily ,, hydrogenolyzed ,i with a mixture of lithium hydride and 
lithium borohydride in tetrahydrofuran. 



TABLE LXXXVI 

LAH Reduction of Aryl Sulfonic Esters to Phenols 
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'Reduction carried out in tetmhydrofuran. 

'P. Kafter and K. Ehrhardt, Helv. Chim. Acta. 34, 2202 (1951). 
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CHART TO TABLE LXXXVI 
II 
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13.11 SULTONES 


The LAH reduction of sultones is related to that of sulfonic esters as 
the reduction of lactones is related to that of carboxylic esters. Thus, 
the reduction of 1,8-naphthosultone (LXXXVIiR « H) yields 1-mercapto- 
B-hydroxynaphthalene and 8,8'-dihydroxy-l,r-dinaphthyldisulfide (64,63). 



Similarly 3-methyl-l,8-naphthosultone (LXXXVI:R CH S ) is reduced to 
the corresponding methyl derivative. 

The reaction of 1,8-naphthosultone with the Grignard reagent results in 
opening of the sultone ring to yield a perihydroxy diarylsulfone (63). 



+ RMgX 



(13-80) 


LXXXVI 


13.12 SULFONAMIDES 

Strating and Backer (1) reported that sulfonamides are not attacked by 
LAH. Marvel and Caesar (26,27,32) reported that the reduction of unsub¬ 
stituted aryl sulfonamides is unsuccessful in ether or in tetrahydrofuran. 
Field and Grunwald (31) attributed the refractory behavior of the unsub¬ 
stituted compounds to the resistance of the rapidly formed anion RSO a NH® 
to further attack by a negatively charged ion. Treatment of N,N-diethyl- 
benzenesulfonamide (LXXXVII), which cannot form such an anion, with 
one mole of LAH in tetrahydrofuran, after 18 hours of refluxing gives 43% 
of benzenesulfinic acid (LXXXVIII) and a 33% recovery of the sulfon¬ 
amide. When the reduction of LXXXVII is carried out with two moles of 
LAH in tetrahydrofuran, after 7 days of refluxing the products are 37% of 
the sulfinic acid (LXXXVIII) and 10% of thiophenol as well as diethyl amine* 

CjHjSOjH + C i H f SH + (C a H 1 ) J NH (13-81) 


C, HgSOjNtCj H § )j 
LXXXVII 


LXXXVIII 
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The LAH reduction of l-methyl-2-(o>-N-ii]ethyl-p-tDluenesulfonaii)ido- 
pentyl)piperidine (LXXXIX) in ether has been reported to yield 1-methyl- 
2-6>-methylaminopentylpiperidine (66). 




The non-reduction of the sulfonamide grouping has been reported in the 
following compounds: 


Ref. 


CYHgNOgS 2-mechyl-3-8ulfonamido-5-carbomechoxyfuran 67 

CijHiiN 0 4 S o-benzenesulfonamidobenzoic acid 68 

Ci 4 HuN0 4 S o-(p -toluene sulf on amido)benzoic acid 68 

C l7 H l3 N0 4 S o-( 2-naphthalenes ulfonami do) benzoic acid 68 

C a3 H a5 NO s S a hKp-toluenesulfonyl)-D- or DL-phenylalaninol-p- 69 

coluenesulfonate 

C M H a5 NO T S a methyl ester of N-(p-toluenesulfonyl)-L-tyrosine-p- 69 

coluenesulfonate 

C m H 31 NO b S 3 N-(p-toluenesulfonyl)-L-tyrosinol-di-(p-toluenesulfonate) 69 

^4i H s9N 9 0 10 S 4 bis-d f 4-naphthalenedibenzenesulfonamido-3)- 70 

nitromethane 


The LAH reduction of sulfonamides in which rhe amido nitrogen is part 
of a heterocyclic nucleus presents a varied picture. Reduction of N •(p- 
toluenesulfonyl)-L-prolinol-p-toluenesulfonate (XC), where the nitrogen 
is part of a pyrrolidine ring, results in retention of the sulfonamide group¬ 
ing (69). 



Reductive cleavage occurs when the nitrogen atom is part of a hetero¬ 
cyclic nucleus with aromatic character. Thus, reduction of 9-p-toluene- 
sulfonylcarbazole (XCI) in tetrahydrofuran yields 90% carbazole and 90% 
P-thiocresoI (71). 
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A similar reductive cleavage is reported in the LAH reduction of yohimbyl 
alcohol tritosylate in tetrahydrofuran (equation 13*76) (62). This behavior 
parallels the behavior of the corresponding carboxylic acid amides (Sec¬ 
tion 10.1.1.d.2). 

Although the sulfonamide grouping remains intact, a cleavage of the 
nitrogen-carbon bond occurs in the LAH reduction of N,N'-diaryl-(X-sul- 
fonyldianthranilides (XCII:R ■ C„H,, p-CH,C ( H,, 2-C, 0 H T ) (68). 


RSO, 9 



LAH 


•NHSOjR 

(13-85) 

‘CH a OH 


6 SO,R 
XCII 


An analogous cleavage occurs in the LAH reduction of N-benzenesul* 
fonyl-l l 8-naphthosultam (XCM) (64,6$). 



XCin (13-86) 


IS. 18 SULTAMS 

Mustafa (65) has reported that 1,8-naphthosultam (XCIV : R - H) and 
N-methyl-l,8-naphthosultam (XCIV : R - CH,) are "stable or almost 
stable" toward LAH. When R ■ SOjC^H, as in XCIII, the cleavage shown 
in equation (13-86) occurs to yield dibenzenesulfonyl-8,8 / -diaraino-l|l' 
dinaphthyldisulfide (64,65). The behavior of the sultanas towards the 
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ArSNa + C1.CSC1 —» (AiS),CSSSC(SAr) l 


ArS—C—SSAr 

LAH 

ArSH + CH,OH + CH.SH + H,S (13-95) 

The LAH reduction of a trichio analog of carbonic acid proceeds in the 
expected manner. The reduction of 1,3-dithia-4-cyclopentene-2- thionc 
(Cl) yields ethylene dithiol (CII). Reduction with sodium and alcohol 
also yields CII (75). 

HC=CH 

I I LAH 

S S HS—CH =CH - -SH (13-96) 

V cn 

II 

s 

Cl 

Cronyn and Goodrich (76) have reported that the products isolated from 
the action of LAH on thiobenzamide (CHI) point to an elimination of hy¬ 
drogen sulfide to give a nitrile followed by normal reduction to the amine. 
The normal addition of 1.26 moles of LAH at low temperatures gives 64% 
of benzylamine, isolated as the benzenesulfonamide. The inverse addi¬ 
tion of 0.54 mole of LAH gives 8% of benzylamine, 30% of benzonitrile 
and 33% of unreacted amide. 



C.H.C—NH a LAH C.HjCHjNH, + C.H.CN (13-97) 

cm 

it has been reported that heating thioacetamide with sodium ethoxide re- 
suits in the elimination of hydrogen sulfide to give acetonitrile (77). In 
its reaction with CIII LAH apparently acts as a base. 

13.1&2 Reactions with Sodium Bosohydrlde 

Ethyl 6-ketooct-7-enoate has been created with thioacecic acid and the 
resultant thiol ester, presumably CIV f reduced with sodium borohydride 
ln ®ethanol and hydrolyzed to give DL-8-thioloctan-6-ol-l-oic acid (CV) 
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0 0 OH 

II II I 

CH,C—SCH,CH l C(CH J ),COOC 1 H l —» HSCH 1 CH i CH(CH a ) 4 COOH 

CIV CV (13-98) 

No indication is given of the fate of the thiol eater in the courae of the 
reduction. The mercaptan may have resulted from either the reduction or 
the aubaequent hydrolysis. 

18.17 TfflOLSULFONIC ESTERS 

Strating and Backer reported that the major produce in the LAH reduc¬ 
tion of thiolsulfonic esters, which are also called disulfoxides, is the 
disulfide (1). 

Reduction of methyl metbanethiolsulfonate ("dimethyl disulfoxide”) 
(CVI) in ether gives 80% of dimethyl disulfide and 17% of methyl mer¬ 
captan isolated as mercuric methyl mercaptide. 

O 

t I iu 

CH,S- SCH, CHjS—SCH, + CH,SH (13-99) 

I 

O 

CVI 

The mercaptan probably arises from reduction of the disulfide. The re¬ 
duction of p-tolyl p-toluene thiol sulfonate (CVII) yields 75% of di^-tolyl 
disulfide. 



^ v^ii| ^n, NX V 

cvri (13-100) 


The actual complexity of the reaction is indicated by the isolation of a 
considerable quantity of p-tolyl p-toluenethiolsulfonate (CVII), in addi¬ 
tion to 28% of di-p-tolyl disulfide, from the LAH reduction of methyl 
p-toluenethiolsulfonate (CVM). A strong odor of p-thiocresol is also 
detected. 



(13-101) 



ISOTHIOCYANATES 


883 


13-19 


13.18 THIOCYANATES 


Strating and Backer reported that the LAH reduction of thiocyanates 
yields thiols (1,78). 

RSCN RSH (13-102) 

This reaction has been applied to the reduction of the following com¬ 
pounds to the corresponding thiol: 



% Yield 

Ref. 

p-Tolyl rhodanide 

94 

1 

Choice teryl 3-rhodanide 

B1 

1.7B-82 

7-Dehydrochol eatery 1 3-rhodanide 

67 

7B-82 

Ergosteryl 3-rhodanide 


03 


Mousseron et al. (3,17) reported chat the reduction of 1,2-dithiocyano- 
cyclohexane (CIX) with ethereal LAH gives only about 10% of the normal 
reduction product, trans-cyclohexane-l f 2-dithiol (CX), and 70% of 1,2- 
epithiocyclohexane (CXI). 


SCN 


LAH. 


r^V 


SH 



(13-103) 


■V.NCS 

CIX CX CXI 

The formation of CXI is accounted for by the following mechanism (3): 
-SCN -cn 6 f^V -Sf -scN fc 



^NCBj 

CIX 


I s ncs 7 J«-'' 



;S (13-104) 


CXI 


13.19 ISOTHIOCYANATES 

Ried and Muller (84) have reported that the LAH reduction of phenyl 
isothiocyanate (mustard oil) yields 7896 of N-methylaniline accompanied 
by the evolution of hydrogen sulfide. 

C.H.N =*C = =S C.H.NHCH, + H.S (13-105) 

The stoichiometric relationship is set forth as follows: 


4 C.H.NCS + 3 LiAlH. 4 C.H.NHCH, + 4 H.S + 3 LiOH + 

3/2 Al.O. • H.0 (13-106) 

The reduction is analogous to the reduction of phenyl irocyaasit to 
N-methylaniline (84,85). 
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The thioether linkage in thiacyclobutane-, thiacyclopentane-, and thia- 
cyclohexane-l-dioxide is not cleaved by LAH (16). 


/' au \ 

(CHJ^ ^>0, 

\ZH a 


LAH 


CH^ 

(qu-. \ 


(13-109) 


CXVI 


Further, LAH reduction of 2,3-dihydrobenzothiophenc- (CXVII) and 2,3- 
dihydro* 1,4-benzothiapyran- 1-dioxide (CXVIII) results in retention of the 
heterocyclic nucleus. 


"S' 

00 


0 a 

CXVII 

O a 

CXVIII 

O* 

CXIX 


The attempted LAH reduction of chiacyclopent-3-ene-l-dioxide (CXIX) 
has resulted in the formation of dark-colored polymeric material without 
recovery of the expected sulfide (16). 

Numerous reductions with both LAH and sodium borohydride have been 
carried out with compounds containing the thiophene (CXX) and thia- 
naphthene (CXXI) nucleus without any reported reduction of the hetero¬ 
cyclic moiety. 



CXX CXXI 


Similarly, the dibenzothiophene (CXXII) (16), benzo[d]naphcho[2,l-b]- 
thiophene (CXXIII) (87) and thioxanthene (CXXIV) (86) nuclei remain in¬ 
tact after treatment'with LAH. 



CXXII CXXIH CXXIV 


The reduction of /9-hydroxythiophthen (CXXV) with LAH yields a hydro- 
genolysis product in which the heterocyclic nucleus is retained (88). 



(13-110) 


CXXV 
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As mentioned earlier, the hemithioketal and thioxolane (CXXVI) group¬ 
ings are resistant to attack by LAH. In contrast, the hemithioketal is 
reduced to the ketone with Raney nickel. 

H a C-CHj 



CXXVI 


The phenothiazine (CXXVII), chiazole (CXXVIII), and benzothiazole 
(CXXIX) nuclei are not attacked by LAH. 



R 

CXXVII CXXVIII CXXIX 
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CHAPTER 14 


Reduction of 

HALOGEN-CONTAINING ORGANIC COMPOUNDS 


14.1 ALKYL, ARYLMETHYL, AND AUCYCLIC HALIDES 
14.1.1 Reductions with Lithium Aluminum Hydride 

The reduction of alkyl halides to hydrocarbons by the action of LAH 
follows a mechanism based on a bimolecular reaction of a nucleophilic 
hydride complex with a carbon atom. Primary halides react more readily 
than secondary which are more reactive than tertiary halides. Primary 
halides give better yields than secondary ones while tertiary halides 
give mostly olefins. The order of reactivity of the halogens is iodides > 
bromides > chlorides. No examples of the LAH reduction of fluorides 
have been reported. 

Nystrom and Brown (1) postulated the overall reaction: 

4 RX + LiAlH 4 —► 4 RH + LiAlX* (14-1) 

Johnson, Blizzard, and Carhart (2) stated that not all four of the hydrogen 
atoms in LAH show the same reactivity toward alkyl halides, the reaction 
probably proceeding in at least two steps: 

RX + LiAlH, —► RH + LiX + A1H, (14-2) 

3RX + A1H, —► 3 RH 4* A1X, (14-3) 

The first step is presumed to be much more rapid than the second. 

Dibeler (3) carried out a study of the reduction of halomethanes with 
LAH in di-n-butyl ether and reported that no hydrocarbons other than 
methane are detected. This has been considered indicative that the re¬ 
duction is a stepwise process, since simultaneous stripping off of several 
halogen atoms would greatly increase the probability of coupling to form 
unsaturated and saturated molecules. 

The reduction of halides with LAH is postulated as proceeding by a 
nucleophilic displacement (S N a ) reaction. The Walden inversion which is 
a criterion for a bimolecular attack at a saturated carbon atom should 
therefore yield optically active products from active halides. This has 
heen demonstrated in the reduction of a-chloroethylbenzene and 2-chloro- 
2-phenylpropionic acid, as discussed in Sections 14.1.1.1 and I4.1.1.g, 
respectively, and in the reduction of 1-chloro-1,2-epoxycyclohexane, as 
discussed in Section 14.1.1.b. 

14.1.1.a Unconjugated Alkyl Halides . The reaction of LAH with 
alkyl halides is often slow and does not occur in reasonable time in re- 
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fluxing diethyl ether. The use of higher boiling solvents such as tetra- 
hydrofuran and di-n-butyl ether permits the application of higher tempera¬ 
tures and accelerates the reaction (2*4). 

Dibeler reported that while the reduction of various mono-, di- f and 
trihalomethanes with LAH yields methane (3) the use of lithium aluminum 
deuteride yields the corresponding deuterated methane (5). 

While attempts to reduce 4»chloro-l,6-heptadiene with LAH in tetra- 
hydrofuran have been unsuccessful, the corresponding bromo derivative 
(I) gives 1,6-heptadiene, although in poor yield (6). 

CHj =CHCHjCHCHjCH —CH, LAH CH, =CHCH,CH 1 CH 1 CH = CH, 


Br 


I (14-4) 

The LAH reduction of various unconjugated alkyl halides is summarized 
in Table LXXXVII. 

14.1.1.b Unconjugated Alicyclic Halides . The LAH reduction of 
chloro* (7) or bromoundecafluorocyclohexane (8) yields undecafluorocyclo- 
hexane, the chlorine and bromine being removed more readily than the 
fluorine. The replacement of the chlorine atoms is surprising in view of 
the fact that chlorocyclohexane has been reported as failing to undergo 
reduction with LAH (2) and in view of the general stability of chlorofluoro 
compounds. 

The reduction of bromocyclohexane with LAH in tetrahydrofuran is re¬ 
ported to yield 10% of cyclohexane and a trace of olefin (2). Less than 
5% of the halogen is removed when trans- 2-chloro- (II) or 2-iodocyclo- 
hexanol are refluxed with LAH in ether solution. In the case of the chloro- 
hydrin (II), if the ether is evaporated after the reflux period is completed, 
an extremely violent reaction occurs and a small amount of cyclopentyl- 
formaldehyde and tars are isolated (9). 




(14-5) 


II 


The reduction of l-chloro-2,3*epozycyclohezane (III) yields 705! 
cis-2-chlorocyclohezanol and 20-255! of cyclohezanol (9-11). 




(14-6) 


m 

Reduction of l-chloro*l,2-epozycyclohezane (IV) yields 10-305! of cis m 2 
chlorocyclohezanol and 705! of cyclohezanol (9-11). 
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c^cr-cc - 

IV 

In this case, the attack of the hydride ion on the tertiary carbon atom in 
IV proceeds with Walden inversion to yield the cis-chlorocyclohexanol. 
The predominant reaction, the attack on the secondary carbon, yields a 
gem-halohydrin which is either directly reduced to the carbinol or loses 
the elements of hydrogen chloride to yield a ketone which is reduced to 
the carbinol. 

Ness, Fletcher, and Hudson (12) reported that the LAH reduction of 
acetylaced glycopyranosyl bromides, prepared by treatment of the fully 
acetylated glycopyranose with 30% hydrogen bromide in glacial acetic 
acid, gives the corresponding 1,3-anhydroglycitols. Thus, /S-D-gluco- 
pyranose pentaacetate (V) is converted to 1,5-anhydro-D-glucitol (VI): 


HBr . 




LAH 



Tetraacetyl-D-galactofuranosyl chloride has been converted to l^anhydro” 
D-galactitol by this method (13). Analogous compounds are tabulated in 
Table LXXXVIII. The ease of reduction of the glycopyranosyl and furanosyl 
halides is probably related to the existence of the (X-haloether grouping. 
The latter is known to react very readily with the Grignard reagent. The 
LAH reduction of Oirhaloethers is discussed in Section 14.1'l.e. 

The catalytic hydrogenation of the bromide of l-p-methoxyphenyl-2- 
methyl-3-ethyl-6-merhoxyindene (VII) over platinum oxide in glacial acetic 
acid has been reported to yield a reduction product (VIII) which is saturated 







TABLE LXXXVD 

LAH Redaction of Uncon jagated Alkyl Halides 

Halide Solvent 1 Product % Yield Ref. 
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to bromine in chloroform but still contains 12.15% bromine. Treatment 
with LAH lowers the bromine content to 8.3% while a subsequent reduc¬ 
tion with zinc powder and acetic acid lowers the content to 5% bromine 
(14). 
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The reduction of various unconjugated alicyciic halides is summarized 
in Table LXXXVIIL 

14.1.1.c Conjugated Halides ■ The LAH reduction of conjugated 
halides such as allylic and benzyl halides proceeds quite readily although 
the order of reactivity of the halogens is still a factor. 

1 . Allylic halides . Hatch and his co-workers have carried out a 
series of syntheses of chloropropenes and butenes by the selective re¬ 
duction of an allylic chloride while retaining vinylic halides: 


V ' LAH V I 

)C=C—CH,C1 )C=C—CH, 


(14-10) 



R 



Ref. 

cis 

H 

Cl 

H 

15 

trans 

H 

Cl 

H 

15 

a 

H 

Cl 

F 

16 

0 

H 

Cl 

F 

16 

cis 

H 

Cl 

Cl 

17 

trans 

H 

a 

Cl 

17 


Cl 

Cl 

F 

18 


Cl 

Cl 

Cl 

IB 


COOC.H, 

Cl 

Cl 

19 

cis 

CH. 

a 

Cl 

19 

trans 

CH, 

Cl 

Cl 

19 


The reduction of 2,3,3-trichIoro-1-butene (X) with LAH yields trans - 
2,3-dichloro-2-butene (XI) as the only product of an apparent allylic re¬ 
arrangement (19). 

Cl Cl Cl 

CH,C —C =CH, CH,C=CCH, (14-11) 

| 5 By» 

Cl Cl 

XI 

The isolation of only the trans product instead of both geometric isomers 
is indicative of the occurrence of steric hindrance. Sodium carbonate 
hydrolysis of X yields both cis- and trans-Xl by allylic rearrangement. 

The reaction of l v 5 a cyclooctadiene (XII) with N-bromosuccinimide 
yields two isomeric monobromocyclooctadienes. One of the isomers 
yields XII on treatment with LAH and is accordingly B-bromo-l^cyclo- 
octadiene (XIII), unless allylic rearrangement occurs during the reaction. 
The second isomer p on treatment with LAH, gives a mixture of cyclo- 
octadienes which has not been identified but is catalytically reduced to 
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Tetraacetyl-O-galactohiranosyl chloride 1,4-Anhydro-D-galactitoI 
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cyclooctane. The second isomer has been formulated as 6-bromo-l,4- 
cvclooctadiene (XIV) (20). 

CH=CH—CH, CH=CH—CHBr BrCH-CH=CH 

I I _ 1 II I 

CH, CH, NBS h CH, CH, + CH, CH, 

I I I I I I 

CH, —CH=CH CH, —CH =CH CH, —CH =CH 

XII XIII XIV (14-12) 

Treatment of XII with two equivalents of N-bromosuccinimide gives 5,8- 
dibromo-l,3-cyclooctadiene which gives an unidentified mixture of cyclo- 
octadienes on treatment with LAH (20). 

The reduction of these and other conjugated halides is summarized in 
Table LXXXIX. 

Attempts to reduce 7-bromocholesterol benzoate, which contains an al- 
lylic bromine, with lithium aluminum deuteride have met with partial suc¬ 
cess. Although its presence has been indicated by the Liebermann- 
Burchard determination, no cholesterol has been isolated from the reaction 
mixture (21). 

2 , Propargylic halides . The reduction of the propargylic halide, 1- 
bromo-2-heptyne (XV) yields a mixture of 2-heptyne and 1,2-heptadiene. 
A 0.4:0.125 ratio of halide: LAH gives a 15:1 ratio of products. 



TABLE LXXXIX 

LAH Redaction of Conjugated Halides 
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C«HioBra 5,B-Dibffomo-l t 3-cyclooctadiene Mixture of cyclooctadienes 

C t H u Br 3-Bromo-l v 5-cyclooctadiene 1,5-Cyclooctadiene 

6-Bromo-l,4-cyclooctadiene Mixture of cyclooctadienes 




i. Benzylic Halides 
1. Benzenoid 
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CH,(CH a )|C MCCHfBr 
XV 


CH/CH^.C—CCH, + 

CH,(CH,),CH=C =CH, 


(14-13) 


On the other hand, the reduction of 3*bromo-l-heptyne (XVI) with a 0.15 : 0.2 
ratio of halide: LAH gives 1-heptyne and 1,2-heptadiene in a 1:9 ratio. 


CH,(CH,),CHC — CH CH,(CH 1 ),CH 1 C—CH + 

| 

Br 

XVI 

CH I (CH,),CH —C — CH, (14-14) 


Conversion of the halides with magnesium to organomagnesium bromides, 
followed by hydrolysis, gives mixtures of the seme produces (22). 

Two mechanisms have been proposed to account for the reaction prod¬ 
ucts. The first assumes a dynamic equilibrium in the starting halide be¬ 
tween acetylenic and allenic compounds: 
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CH,Br ^ 

1-C-C-JI, 

I 

Br® R _C=C 

1 


af f 
u 

II 

u 

■ II 
u© 

1 

* 1 

1 

Br 

| H® (LAH) 


=CH, 


RCa»CCH, + RCH = C=CH, (14-15) 

The second mechanism postulates an S N a ' reaction as well as an S N a : 

R— C=»C—CH, + Bt 9 (S N *) 


R—C*C—CH,-^Br - AH - D ^ ■ °- 9 


H w 


-C 



-Br 


LAH 


(14-16) 

R—CH=C= =CH, + Br® (S, 


H® (14-17) 

3. Benzylic halides . The reduction of benzylic halides follows the 
expected pattern, the halides having the order of reactivity iodide > 
bromide > chloride. Benzyl chloride is not reduced in refluxing ether 
(23) but is reduced tc toluene in 72% yield after one-half hour in tetra- 
hydrofuran at 65° (4). 

Trevoy and Brown (4) reported that the reduction of diphenylbromomethane 
yields tetraphenylethane as well as the expected diphenyl methane. Simi¬ 
larly, the reduction of 9-bromofluorene yields dibiphenyleneethane as well 
as fluorene. The coupling products arise from the reaction of the halide 
and the organometallic compound arising from the reaction of the halide 
and LAH. An organometallic derivative has been indicated as an inter- 
mediate in the reduction of triphenylchloromethane, as well (24). 

The non-reduction of fluorides is exhibited even with the reactive 
benzylic halides. Thus, ethyl p-trifluoromethylbenzoate (XVII) is re¬ 
duced to p-trifluoromethylbenzyi alcohol (25). Jones (26) reported that 
the treatment of methyl 5-amino-6-methyl-2-trifluoromethyl-3-pyridinecar- 
boxylate (XVIII) with LAH in ether gives an unstable product which de¬ 
composes during all attempts to purify it. 

O 


F.C 


COOC.H, 

XX 


CH.OC NH, 


xvn 


F.C" "tT "CH, 
XVIII 
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The reduction of 4,5-bis-(bromomethyl)phenanthreiie (XIX) with LAH or 
catalytic hydrogenation over palladium-on-strontium carbonate ia reported 
to yield the cyclic ether of 4 v 5*bis-(hydrozymethyl)phenanthrene as the 
only isolable produce (27). 



The normally reactive benzylic bromide can be retained by selective 
reduction. Thus, the inverse addition of a calculated amount of LAH re¬ 
sults in the reduction of methyl p-bromomethylbenzoate to p-bromomethyl- 
benzyl alcohol (28). 

The LAH reduction of the benzylic halide, 2-chloro-2-phenylpropionic 
acid, is discussed in Section 14.1.1.g. 

The LAH reduction of benzylic halides is summarized in Table LXXXIX. 

4. Vinyl halides . As shown in equation (14*10), vinylic halides such 
as XX are generally not attacked by LAH. Thus p Hatch and his co¬ 
workers have selectively reduced the allylic chloride in XX when R and/or 
R t and/or R, are halogen atoms (15*19). 

R f Br Br 

\ I II 

yC =C —CH,C1 CH,(CH,) 7 C =C(CH l ),COOH 

R, 

XX XXI 

Dibromooleic acid (XXI) is reduced to the corresponding alcohol without 
attacking the olefinic bromine (29)- 

The reaction of trichloroethylene and sodium phenolate yields a di- 
chlorovinylphenyl ether whose structure is postulated as XXII or XXIII, 
the latter being the preferred structure. Treatment with LAH leaves the 
compound unchanged (30). 

Cl Cl 


CgHfONa + C1CH — CC1, C g H,OCH —CC1* or CgHgOC — CH 

XXII XXIH 

(14-19) 

The reaction of ai-bromostyrene (XXIV), containing a vinylic bromine 
atom, is reported to yield styrene after 19 hours treatment with LAH in 
tetrahydrofuran at 65 0 (4). 
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C t HgCH ==CHBr —s C s H,CH=CH a (14-20) 

XXIV 

The vinylic halide in methyl 20-bromo-30-hydroxy-A &T -pregnen-21-oate 
(XXV) is not attacked by LAH in refluxing ether (31—33)- 

COOCH, H 



XXV XXVI 

The attempted LAH reduction of >chloro-5,5-dimechyl->cyclohexenone 
(XXVI) results in the recovery of starting material (34). 

14.1.1.d Vicinal Dihalides, The reduction of l v 2-dihalo alkanes gen¬ 
erally yields olefins instead of the expected saturated hydrocarbons. Thus, 
the following vicinal dihalides have been reduced to olefins: 

Ref. 


CfHftls 2,3-diiodo-1-propanol 4 

C«HcBt 4 1,2, 3,4-tetrabromobucane 4 

CiHtBr* styrene dibromide 4 

CiH^Br, 1,2-dibromooctsne 4 

CuH ta Br a mtfso-l,2-dibromo-l,2-diphenylethane 4 

CjyHuB^O A > -cholestene-24 l 25-dibromo-30-ol 35 

(zymosterol dibromide) 


Styrene dibromide does not react with LAH at 23° (1) hut at 65 ° 9 in 
tetrahydrofuran, styrene is formed (4). 

The reduction of ethyl 2,3-dibromo-3-phenylpropionate (XXVII) yields 
hydrocinnamyl alcohol instead of an olefin (4). 

Br Br 

0 

C.H.CH—CHC- -OCgHf LAH C.H.CHjCH.CHjOH (14-21) 
XXVII 

Although it is possible that this is an example of the direct replacement 
of bromine by hydrogen, it is more likely that here, as in the analogous 
styrene dibromide, the dihalide is converted to the olefin. However, the 
resultant olefin is conjugated, as in cinnamic acid, and is reduced to the 
saturated alcohol. 
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The reduction of cyclooctatetreene dibromide (XXVIII) with LAH in 
tetrahydrofunn yields a mixture of l,3,5*cyclooctatriene (XXX) and 
bicyclo[4.2.0]oeta-2|4-diene (XXIX). 

O <u - 28 

XXX 

XXX is in mobile equilibrium with XXIX, the open structure being formed 
through bridge opening (36). 

14.1.1.e Haloetbers . The ready reduction of the halogen in the 01- 
haloether grouping in glycopyranosyl and furanosyl halides has been 
mentioned in Section 14.1.1.b. The LAH reduction of ethyl Ot,|S-dichloro- 
ethyl ether (XXXI) in tetrahydrofuran at 65° yields 53% of ethyl 0- 
chloroethyl ether after a one-half hour reaction period (4). 

Cl 

CH,CH i OCHCH,Cl LAH CH,CH 1 OCH 1 CH,Cl (14-23) 

XXXI 

Here the ease of reduction of the a-haloether determines the course of 
the reduction rather than the olefin formation from the vicinal dihalide. 
The reduction of 0-ethoxyphenethyl bromide (XXXII) yields the ex¬ 
pected ethyl a-methylbenzyl ether and styrene (37). 

C,H,CHCH 1 Br LAH C.H.CHCH, + C,H 1 CH=CH, (14-24) 

OC,H| OC,H, 

XXXII 



XXVIII XXIX 


I4.1.1.f Haloketones . Trevoy and Brown (4) reported that the reduc¬ 
tion of p-bromophenacyl bromide (XXXIII) with excess LAH in ether 
gives l-(p-hromophenyl)ethanoi. 



LAH 



(14-25) 


XXXIII 


Analogously, a^bromoacetophenone is reduced to 1-phenylethanol (3B). 

Lutz, Vayland, and France (39) carried out a study of the LAH reduc¬ 
tion of Ot-haloketones and found that the reduction of XXXIII with a 
slightly more than equimolar amount of LAH in ether at 0° or 35 gi ves 
XXXIV in a ••yield similar to Trevoy and Brown 11 accompanied by very 
small amounts of ^-bromophenylbromohydrin (XXXV). By using an amount 
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of LAH only slightly in excess of that needed for the reduction of the 
carbonyl group the bromohydrin (XXXV) is obtained in 69% yield at 25°. 



XXXIV 


XXXV is reduced with an equimolar amount of LAH to XXXIV. Desyl 
chloride (XXXVI) and p-chlorophenacyl bromide with elose to one*quarter 
mole of LAH are reduced to 76% eryf^ro-stilbene chlorohydrin and 77% 
p-chlorophenylbromohydrin, respectively. 

C.H.C—CHC.H, C.H.CH 

O Cl OH 

XXXVI 

Varying the temperature from 0° to 35° in the reduction of XXXVI does 
not appreciably affect results but inverse addition of LAH to the &-chloro- 
ketone reduces the yield to 30% due to the condensation of XXXVI and 
the chlorohydrin. Desyl bromide is similarly reduced to erytbro -stilbene 
bromohydrin. 

The reduction of XXXIII to XXXIV in 90% yield by LAH in which one 
equivalent of hydrogen has been destroyed by the addition of a calculated 
amount of allyl or ethyl iodide, is considered evidence for the relatively 
easy reducibility of the halogen of the halohydrin or haloketone as com¬ 
pared with the more difficult reducibility of an ordinary alkyl halide. 

Felkin has carried out the selective reduction of a number of Ol-halo- 
ketones by the inverse addition of the theoretical amount- of LAH to an 
ether solution of the haloketone at room temperature (40). Thus v 1-chloro- 
1-benzoylcyclohexane gives 50% of l-chloro-l-(Ol-hydroxybenzyl)cyclo- 
hexane, 2-chlorocyclohexanone gives 65% of Ol-chlorocyclohexanol and 
Ol-chlorodesoxybenzoin gives 95% of 1-chloro-l, 2-diphenylechanol. While 
the action of LAH on Ot-chloroketones can theoretically lead to two iso¬ 
meric chlorohydrins, they are actually formed in equal quantities. Thus, 
the Ol-chlorocyclohexanol is a mixture of equal parts of the cis and irons 
isomers while the l-chloro-l,2-diphenylethanol is a mixture of equal parts 
of the erytbro and tbreo isomers. In contrast to this the reaction of 01- 
chlorocyclohexanone with the Grignard reagent yields a mixture of chloro- 


—CHC § H B (14-27) 

Cl 
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hydrins in which che cis isomer predominates. This difference is at* 
tributed to the relatively large dimensions of the anion from the organo* 
magnesium compound which approaches the ketone function on the side 
opposite to the chlorine atom to form the cis product. On the contrary 
the hydride ion from the LAH is smaller so that its approach is not steri- 
cally hindered by the chlorine to yield an equimolecular mixture of cis 
and frans-chlorohydrins. 

The LAH reduction of 3"bromo-l 9 l.l-trifluoropropanone (XXXVII) with 
ethereal LAH yields 75% of 3 a hromo-l l I v l-trifluoro*2-propanol (XXXVIII) 
accompanied by BpBpB-trifluoro-2-propanol (41). 

BrCH.CCF, LAH BrCH.CHCF, + CH.CHCF, (14-2B) 

O OH OH 

XXXVII XXXVIII 

The reduction of XXXVII with sodium borohydride in aqueous solution 
gives XXXVIII in a 4 8% crude yield. The lower yield is explained by the 
formation of a stable hydrate when the ketone is placed in water, thus re¬ 
ducing the available free carbonyl groups and making the reduction more 
difficult. Reduction with aluminum isopropoxide yields XXXVIII in 49% 
crude yield but requires a one week reaction period. 

The reduction of 1.3-dichloroacetone (XXXIX) with LAH at -2° yields 
77% of l,3-dichloro-2-propanol while reduction with aluminum isopropoxide 
proceeds in only 20-23% yield (42.43). The reduction of pentachloro- 
acetone (XL) with LAH at -13° to +20° or with sodium borohydride in 
alcohol solution yields pentachloroisopropanol (44). Treatment of hexa- 
chloroacetone (XLI) with aluminum isopropoxide yields only traces of 
hexachloroisopropanol while LAH reduction at -5° proceeds in 97% yield 
(43). Octachloromethylethyl ketone (XLII) which can not be reduced with 
aluminum isopropoxide. is reduced with LAH in ether at —3° to octachloro- 
sec-butanol in 63% yield (43). On the other hand, decachloropentanone-3 
(XLIID is resistant to attack by LAH but under vigorous reaction condi¬ 
tions a product of undetermined structure is formed, mostly by removal of 
chlorine (43). 


CICHjCCHjCl 


Cl.CCCHCl. 
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Treatment of 1,1,1-trifluoroacetone (XLIY) with LAH P even in refluxing 
ether, fields 82-85% of 3,3 9 3-trifluoro-2-propanol (46,47). 

The LAH reduction of (X-chloro-3 f 4*dibydroxyacetophenone yields 1- 
(3 v 4-dihydiDxyphenyl)ethanol. Reduction with sodium borohydride or 
aluminum isopropoxide leaves the chlorine atom to yield l-(3,4-dihydroxy- 
phenyl)-2-chloroethanol (48). 

Shoppee and Summers have successfully prepared 3"haloeholestan-6|S-ol 
by the LAH reduction of 3-halocholestan-6-one (XLV) at low temperatures. 
Thus, 30t*chloro- and bromocholestan-6-one (49) and 30-iodo-, chloro- and 
bromocholestan-6-one (50) have been reduced to the corresponding 3 01- 
and ]S-halocholestan-6jS-ol in high yields. 




(14-29) 


14.1.1.g Haloacids. Eliel and Freeman (51) have carried our an in¬ 
vestigation of the sceric course of the reduction of 2-chloro-2-phenyl- 
propionic acid (XLVI) with LAH. Racemic XLVI is reduced to 2-phenyl- 
1-propanol (XLVII) in 25% yield by LAH in tetrahydrofuran. A 26% yield 
of 2-phenyl-l,2-propanediol (XLVIII) is also obtained in the reduction, as 
well as small amounts of 2-phenylpropanal and acetophenone. 


Cl OH 

C i H,CCOOH LAH C i H f CHCH,OH + C,H,C —CH,OH (14-30) 

CH, CH, CH, 

XL VI XL VII XL VIII 


The carbonyl compounds apparently originate during the isolation process. 
The reduction of optically active XLVI gives 29-38% of XLVU which is 
61-67% racemized while 15-20% of XLVIII is formed with nearly com¬ 
plete inversion. Reduction of XLVI in ether solution gives racemized 
XLVH but very little glycol (XLVIII). The methyl ester of XLVI is re¬ 
duced with LAH in ether to 62% of XLVII which is 37% racemized. 

The authors have postulated the following mechanism as best account¬ 
ing for the experimental facts: 
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C.H.CCKCHJCOO® LAH 


* :CH, 



B 


LAH 


CH,C(OH) (C i H i )CH 1 OH 
XL VIII 


C^CClfCHJCOOCH, iAfcU C 4 H i CCl(CH 1 )CH 1 O e 

.9 


CH,CH(C i H f )CHO 

D 


C 


CH I CH(C i H p )CH I OH 
XL VII 


The sale formed from the chloroacid (A) and LAH may undergo an internal 
displacement with inversion to the (X-lactone (B) which is then further re¬ 
duced in the normal manner without inversion. An alternative path for the 
chloroacid (A) and the only path available for the methyl ester leads to 
the chlorohydrin anion (B) which undergoes a hydride shift with loss of 
chloride ion to yield the aldehyde (D) which is further reduced to XLVII. 
Partial racemization appears to take place in the transformation of C to D. 

Evidence for the postulated hydride shift has been obtained by the 
addition of one-half mole of LAH in ether to the methyl ester. Decompo¬ 
sition of the reaction mixture with acid gives a very unstable chlorine 
compound which loses hydrogen chloride. On distillation 11% of 2-phenyl- 
propanal (D) is obtained. Basic decomposition gives 18% of a-methyl- 
styrene oxide. Both the epoxide and the aldehyde (D) probably are formed 
from the primary reaction product 2-chloro-2-phenyl-1-propanol (C) during 
the isolation process. 

Further work by Eliel and his co-workers (52) has shown that chloro- 
hydrins are isolated readily in the LAH reduction of Ot-chloro acids such 
as XLIX when R is hydrogen, methyl or ethyl. 


RCHCOOH -► itum-H-uii (14-31) 

I I 

Cl Cl 

XLIX 

R - H, CH,, C,H, 

OC-Chloroisobutyric acid (L) and substituted Ot-chlorophenylacetic acids 
(LI) give the alcohols directly under ordinary conditions. The chloro- 
hydrins are intermediates in the reduction to the alcohols since the use of 
a limited amount of LAH with inverse addition permits the isolation of 
the chlorohydrins. The latter can be further reduced to the corresponding 
alcohols. 
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(CH,),CCOOH (CH,),CHCH,OH (14-32) 

Cl 

L 


L.AH ■ 

CjHfCCOOH C^CHCHjOH + C g H l CCH,OH (14-33) 

Cl OH 

U 

R - H, CH|, C.H, 

Glycols are formed only from the acids (LI) and their proportion increases 
with increasing bulk of R.^ 

14.1.l.h The —N = C —Cl grouping m The ,v abnormal M Hoesch re¬ 
action of 4|6-diethylresorcinol and acrylonitrile yields a stable imino- 
chloride formulated as LII. Treatment of LU with excess LAH in an ethep- 
dioxane mixture yields a neutral product (20%) formulated as LIII, a 
primary amine (70%) (LIV), and an alkali soluble product, CmH^CIO, 
which may have arisen from LIII during the workup. Further treatment of 
LIII with LAH yields the primary amine (LIV) (53)- 



LII 

| LAH 


1 T 1 



The chlorine is retained in all three of the reduction products. The ex¬ 
tremely unusual nature of the transformations postulated in the LAH re- 
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duction of LII as well as the conversion of LIII to LIV suggests the need 
for additional information regarding these reactions. 

In contrast to the postulated stability of the chlorine in the —N =C—Cl 
grouping in LII, the reduction of 6-chlorophenanthridine (LV) yields 3,6- 
dihydrophenanthridine (34). 



14.1.1.i Lithium Hydride-LAH as Reducing Agent Johnson, Bliz¬ 
zard, and Carhart (2) have found that the use of lithium hydride greatly 
decreases the amount of LAH necessary to reduce halides. The LAH 
actually acts as a catalyst since only a small amount of LAH is neces¬ 
sary to bring about the hydrogenolysis of halides by lithium hydride. The 
LAH is a hydrogen carrier since no reduction occurs with lithium hydride 
alone. The reaction was originally postulated as 

RX + LiH LAH RH + LiX (14-36) 

although Brown (33) has proposed that the initial reaction involves the 
alkyl halide and LAH to form aluminum hydride which reforms LAH by re¬ 
action with lithium hydride. 

LiAlH 4 + RX —► LiX + A1H, (14-37) 


A1H, + LiH -4 LiAlH, (14-38) 

Halides which have been reduced to hydrocarbons by this technique 
are summarized in Table XC. 

As mentioned earlier, the bromine and chlorine atoms in chloro- and 
bromoundecafluoroeyclohexane are reduced by LAH (7 P B). Similarly, 1" 
chloro- 1,2-epoxy-, and 1-chloro-2,3-epoxycyclohexane yield cyclohexanol 
as one of the reduction products (9-11). On the other hand, Johnson, 
Blizzard, and Carhart (2) have reported that chlorocyclohexane is not re¬ 
duced with 0.13 mole of LAH and 1.3 moles of lithium hydride in tetra- 
hydrofuran. The tertiary halide, 5-chloro-3-fl»butylnonane v is not reduced 
with 0.4 mole of LAH and 3.0 moles of lithium hydride. The effect of re¬ 
action temperature is seen in the non-reduction of 3 -chloromethylheptane 
in ether solution and the 96% yield of hydrocarbon obtained in tetrahy 
drofuran solution, 
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14-1.1-j Noiureduced Halides . Nam crons halogen compounds have 
been subjected to treatment with LAH under a variety of reaction condi¬ 
tions. In addition to those cases already cited, such as the non-reduc¬ 
tion of vinylic halides, other non-aromatic halides have been treated with 
LAH without hydrogenolysis of the halogen atom, under the conditions 
utilized. A summary of previously unmentioned non-reduced halides is 
shown in Table XCI. 

14.1.2 Reaction* with Aluminum Hydride 

Aliphatic halides are not attacked by the aluminum hydride-aluminum 
chloride addition compound. Neither r»-octyl bromide nor t^octyl iodide 
are reduced to r^octane (56). 

14.1.9 Reactions with Sodium Borohydrlde 

Only a limited number of halides have been subjected to treatment with 
sodium borohydride. In no case has reduction of the halogen atom been 
reported. The following compounds have been treated with the borohy¬ 
dride with retention of the halogen atom: chloral hydrate (57), 3-bromo- 
1,1,1-trifluoropropanone (41), pentachloroacetone (44), (X-chloro-3,4-di¬ 
hydroxy acetophenone (48), o-bromoacetophenone (57), *f/-N-[2-hydroxy-1- 
(2-thenoyl)ethyl]dichloroacetamide (58), OUdichloroacetamido-jS-hydroxy- 
p-nitropropiophenone (59), a-dichloroacetamido-jS-acetoxy-p-nitropropio- 
phenone (59), <X-dichloroacetamido-/8-dichloroacetoxy-p-nitropropiophe- 
none (59). 

14.1.4 Reactions with Potassium Borohydrlde 

In the only reported halide reaction, 0t«dichloroacetamido-j9-hydroxy* 
p-nitropropiophenone is reduced with potassium borohydride in aqueous 
methanol to the halogen-containing reduction product (59). 

14.1.5 Reductions with Lithium Borohydride 

Friedman ((SO) has recently reported that, in contrast to the reduction 
of halides with LAH-lithium hydride, the use of a little lithium borohy¬ 
dride with lithium hydride in refluxing tetrahydrofuran is effective as a 
hydrogenolyzing agent without reducing other reactive groups. The re¬ 
duction of 1-bromooctane and benzyl chloride by this technique gives the 
hydrocarbons in better than 90% yield, although the rate of reaction is 
slower than the corresponding LAH system. Polymethylbenzenes, 2,2,3,3* 
tetramethylbutane, and neopencane have been prepared by utilizing high 
boiling ethers and distilling the hydrocarbons from the reaction mixture 
as soon as formed. Bromides and iodides are readily reduced in tetrahy¬ 
drofuran while chlorides with the exception of activated chlorides require 
higher temperatures. 

The selective reducing action of lithium borohydride has permitted the 
reduction of halides without attacking nitriles and N,N-di alkyl amides 



TABLE XC 

Reduction of Halides with Lithium Hydride-LAH 

Halide Solvent % Hydrocarbon Ref. 
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. Gunner, ibid., 74, 2991 (1932). 



Non-aromatic Halides Treated with LAH without Reduction of Halogen 

Halide Solvent Conditions Ref. 
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while the nitro group is slowly attacked. The following halides have been 
treated with lithium borohydride-lithium hydride in tetrahydrofuran: 

H *Hde Product % Yield 

>Bromobutyronicrile Butyronitrile 

Chioromethylbenzouitrile Tolunitrile 

5-Chloromethyl-l-nitroauphthalene 5-Mechyl-l-nicronaphthalene 

Azo compound 

p-Nitrobenzyl chloride p-Nitrotoluene 

Azo compound 

14.1.6 Reaction with Aluminum Dorohydrlde 

The reactions of aluminum borohydride and alkyl halides differ markedly 
from those of the other complex metal hydrides. Carbon tetrachloride is 
not attacked by aluminum borohydride while chloroform is converted to 
methylene dichloride. The latter, in a separate reaction, is not attacked 
by the borohydride. Iodoform and methylene iodide do not react with 
aluminum borohydride while methyl iodide is attacked to yield methane, 
methyldiboranes, diborane and hydrogen. Ethylene bromide yields methane, 
ethane, ethyl diboranes, diborane, and hydrogen, in a violent reaction. 
While carbon tetrafluoride is not attacked, methylene difluoride yields 
methane, diborane, methyldiboranes, and hydrogen (6l). 


14.2 AROMATIC HALIDES 
14.2.1 Reductions with Lithium Aluminum Hydride 

Aromatic halides are extremely resistant to hydrogenolysis with LAH. 
Only a limited number of aryl halides have been successfully reduced. 

Trevoy and Hrown have found that the LAH reduction of l-chloro-2- 
iodobenzene (LV{) in tetrahydrofuran at 65° for one half hour gives 40% 
of chlorobenzene and 38% of the dihalide is recovered (4). 



p-Fluorotoluenedoes not react after 24 hours at 65°. 

Johnson, Blizzard, and Carhart reported that after a 3-hour reflux pe¬ 
riod in tetrahydrofuran p-bromotoluene is reduced with 0.25 mole of LAH 
frnd 2.0 moles of lithium hydride to yield 14% of toluene (2). 

When 3 v 4 "methylenedioxy* 5 ”bromo-|S-nicrostyrene (LVII) is refluxed for 
2 hours with the theoretical amount of LAH the product is 3i4-methyl- 
cnedioxy*5"bromo"|8 a phenyl ethyl amine (LVIII). When LVII is refluxed 
with excess LAH for 10 hours the aromatic bromine is eliminated to 
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yield LIX. By employing conditions between the two extremes of LAH 
concentration and reaction time 9 a mixture of LVIII and LIX is obtained 



LVin LIX 


Stork and Conroy reported that the LAH reduction of the ethylene ketal 
of 5-bromo-7,8-dimethoxy-2-tetralone-l-N-methylacetafnide (LX) is ex¬ 
tremely slow and leads to considerable removal of aromatic bromine al¬ 
though no definite product has been isolated (63). 



Gates and Tschudi have reported that 1-bromocodeinone (LXI) is di¬ 
rectly converted by LAH in refluxing tetrahydrofuran into codeine (64). 

The reduction of 2-methyM-amino-4-carbethoxy^3-cyano-6-chloropyri- 
dine (LXII) yields LX1II V which on treatment with nitrous acid is con¬ 
verted to pyridoxine hydrochloride (LXIV) (63). 



(14-41) 


LXIV 
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The LAH reduction of 6-chlorophenanthridine (LXV) yields 5,6-dihydro- 
phenanthridine (54). 



Diphenyliodonium bromide (LXVI) undergoes an exothermic reaction 
with LAH to yield 41% of benzene, 81% of iodobenzene and 2.6% of 
bromobenzene (66). 

[(C,H») l ]®Br® LAH - C,H« + C«H|I + C.H,Br (14-43) 
LXVI 


The reaction of LXVI with ethyl magnesium bromide yields ethyl benzene, 
iodobenzene, and biphenyl (67). 

Aromatic halides which have been treated with LAH without hydro* 
genolysis of the halogen under the conditions utilized are summarized in 
Table XCII. 

14.2.2 Reductions with Aluminum Hydride 

While aliphatic halides are not attacked, benzylic halides are reduced 
with the aluminum hydride-aluminum chloride addition compound. Benzyl 
bromide is reduced to toluene in 26% yield while benzyl iodide is reduced 
to the hydrocarbon in 41% yield (56). 

14.2.3 Reactions with Sodium Borohydrlde 

In the only reported relev suit case, the halogen atom in GL-p'-bromo- 
benzamido-jS-hydroxy*p-Ditropropiophenone is not attacked by sodium 
borohydride in ethanol solution (59). 



TABLE XCII 

Aromatic Halides Treated with LAH without Reduction of Halogen 

Halide Solvent Conditions Ref. 


920 


REDUCTION OF HALOGEN-CONTAINING COMPOUNDS 14.2 


h N rf\ V 


a a a 

Si Go 
V K m (I 

nS PS \o PS 


w tu H W 


o 
9 
—« 
u- 

< 




NOhCOtt^OONHNlflfftV V ITkVO r- 03 

“ _■“ ^ pH i-H i-H »-H I—H |H fH fH pH 1—4 

IT 


o 

»r\ 

M 

o 

o 

IT) 

IN 


I o 


a a 

s c 

..IIU 
m cS PC 


a 



9 

*2 

o 

PS 


WWWWWWWWD^WW 


(JJ : W 


W W 



Q - S 9 

O N ft 
^ 5 9 N M M U ^ 1 

MS 33333555 


Ssllllll 


MS 

uuu 


<4. 

13 


5 


u 



Reflux 


14.2 


AROMATIC HALIDES 


921 


NOOsOv0^iNrMC\o^nrNm^ i rMfN^>or^r^oDO\ooos'-iPMi^' 

• H H (N N IN M HrtNINNfMNNrNNINNNNm^NlTimffti 
lA 


9 9 9 

e c c„ 

II V II r 

& 04 S 


9 9 9„“ 9 9 9 

C C 6 o G C S 

II II U ^ U II V 

04 04 04 | P4 p4 p4 


9 9999999 

C GGCdGGG 

U U U II II V II II 

04 04 04 P 4 04 04 P 4 P 4 


U W rWUJUJWWWUJWUJWUJWUJ 


WW^WWWWQUJ 

H 



0 

If 


- 2 _ o * o 
2 3 


.IS 


8S8SS8S8 B?§ it tail 'i < ms 
IsSSill^ %ii x A 111 * 

5333333j Juo Ju Jjou uuuuu 


O^O 5’^ 


S!?! 5 ! mil 



922 


REDUCTION OF HALOGEN-CONTAINING COMPOUNDS 


14,2 


References—Table XCU 

& E. T. McBee and E. Rapkin, J. Am. Chem. Soc ., 73, 1366 (1951). 

*A. Sveinbjornsson and C. A. Vander Werf, ibid., 73 , 1378 (1951). 

*L. W. Trevoy and W. G. Brown, ibid., 71 , 1675 (1949). 

4 E. L. Bennett and C. Niemann, ibid., 72, 1806 (1950). 

■R. F. Nystrom and W. G. Brown, ibid., 70, 3738 (194B). 

5 H. I. Schlesinger and A. E. Finholt, U. S. Pat. 2,576,311 (November 27, 1951). 
*N. S. Corby, G. W. Kenner, and A. R. Todd, /. Chem. Soc., 1952, 3669- 
■C. G. Swain and W. P. Langsdorf, Jr., ]. Am. Chem. Soc., 73, 2813 (1951). 

B R. E. Lutz, R. L. Wayland, Jr., and H. G. France, ibid., 72, 5511 (1950). 

“TC. B. Everard, L. Kumar, and L. E. Sucton, /. Chem. Soc., 1951, 2807. 

“C. R. Walter, Jr., /. Am. Chem. Soc., 74, 5185 (1952). 

&a E. D. Bergmann, D. Lavie, and S. Pinchas, ibid., 73, 5662 (1951). 

U A. Dornow and G. Winter, Chem. Ber., 84, 307 (1951). 

*4G. Stork and H. Conroy, J. Am. Chem. Soc., 73, 4743 (1951). 

U D. Lavie, Bull. Research Council Israel, 1, 135 (1951). 

**D. J, Cram and J. D. Knight, /. Am. Chem. Soc., 74, 5835 (1952). 

1T R. T. Gilsdorf and F. F. Nord, J. Org, Chem .. 15, B07 (1950). 

“L. H. Amundsen and L. S. Nelson, J. Am. Chem. Soc., 73, 242 (1950). 

"Neville, unpublished work; through W. G. Brown in Organic Reactions. Vol. VI, 
p. 504. 

*°K. Hayes, G. Gever, and J. Orcutt, J. Am. Chem. Soc., 72, 1205 (1950). 

“A. Burger and E. D. Hornbaker, ibid.. 74, 5514 (1952). 
aa R. F. Bird and E. E. Turner, J. Chem. Soc., 1952, 5050. 

"R. T. Gilsdorf and F. F. Nord, /. Am. Chem. Soc., 74, 1837 (1952). 

M [. A. Kaye and C. L. Parris, J. Org. Chem., 16, 1761 (1951). 

J, B. J. Ludwig, W. A. West, and W. E. Currie, ]. Am. Chem. Soc,, 74, 1935 
(1952). 

"C. C. Price and G. H. Schilling, ibid., 70, 4265 (1948). 

"C. C. Price and Sing Tuh Voong, /, Org, Chem., 14, 111 (1949). 

*M. S. Newman and N. C. Deno, /. Am. Chem. Soc., 73, 3644 (1951). 

*E. J. Skerretr and D. Woodcock, J. Chem. Soc., 1952, 3308. 

•C. S. Rondestvedt, Jr., /. Am. Chem. Soc., 73. 4509 (1951). 

,l H. Gilman and G. E. Dunn, ibid., 73, 3404 (1951). 

BS E. D. Bergmann, G. Berthier, D. Gins burg, Y. Hirshberg, D. Lavie, S. Pinchas, 
B. Pullman, and A. Pullman, Bull , soc. chim. France, [ 5 ] 18, 66l (1951). 

>A M. E. Specter, L. C. Cheney, and S. B. Binkley, J. Am. Chem, Soc., 72, 1659 
(1950). 

M A. Pullman, B* Pullman, E. D. Bergmann, D. Ginsburg, and D. Lavie, Bull . 
Research Council Israel , 1, No. 4, 85 (1952). 



REFERENCES 


923 


REFERENCES 

1 . Nystrom, R. F., tod V. G. Brown, /. Am. Cbem. Joe., 70, 3738 (194B). 

2. Johnson, J. E., R. H. Blizzard, and H. W. Carhut, J. Am. Cham. Joe., 70, 

3664 (1948). 

3. Dibeler, V. H., /, Research Natl Bur, Standards, 44, 363 (1930). 

4. Trevoy, L. ¥., and V. G. Brown, J. dm. Chem. Joe., 71, 1673 (1949). 

3. Dibeler, V. H., and F. L. Mohler, J, Research Natl. Bur, Standards, 43, 441 
(1930). 

6 . Everett, J. L., and G. A. R. Kon, ]. Chem. Sec., 1930, 3131. 

7. Tatlow, J. C., and R. E. Worthington, J. Chem. Joe., 1932, 1231. 

8 . Barlow, G. B., and J. C. Tatlow, /. Chem. Joe., 1932, 4693. 

9. Mousseron, M., R. Jacquier, M. Mousseron«Canet, and R. Zagdoun, Bull, soc, 

chim. France, [3] 19, 1042 (1932). 

10. Mouaaeron-Canet, M., and R. Jacquier, Bull. soc. chim. France M 19, 698 

(1952). 

11 . Mousseron, M., R. Jacquier, M. Mousseron*Canet, and R. Zagdoun, Compt, 

rend., 233. 177 (1932). 

12. Ness, R. K., H. G. Fletcher, Jr., and C. S. Hudson, J. Am. Chem. Soc., 72, 

4547 (1950). 

13. Nesa, R. K., H. G. Fletcher, Jr., and C. S. Hudson, J. Am. Chem. Soc., 73, 

3742 (1951). 

14. van der Zanden, J. M., and G. de Vries, Rec. trav, chim., 71. 733 (1932). 

15. Hatch, L. F., and R. H. Perry, Jr., J, Am. Chem. Soc., 71, 3262 (1949). 

16. Hatch, L. F., and D. W. McDonald, J. Am. Cbem. Soc., 74, 2911 (1952). 

17. Hatch, L. F., J. J. D’Amico, and E. V. Ruhnke, J. Am. Chem. Soc., 74, 123 

(1952). 

IB. Hatch, L. F., and D. W. McDonald, J. Am. Chem. Joe., 74, 332B (1932). 

19. Hatch, L. F., and J. J. D’Amico, J. Am. Chem. Soc., 73, 4393 (1931). 

20. Cepe, A. C., C. L. Stevens, and F. A. Hochstein, /. Am. Chem. Soc., 72, 

2510 (1950). 

21. Fukushima, D. K., S. Lieberman, and B. Praetz, J, Am. Cbem. Soc., 72, 5203 

(1950). 

22. Wotiz, J. H., J. Am. Chem. Soc., 73. 693 (1951). 

23. Schlesinger, H. I., and A. E. Finholt, U. S. Pat. 2,576,311 (November 27, 

1951). 

24. Nystrom, R. F., unpublished work, through W. G. Brown, in Organic Re¬ 

actions, Vol. VI, p. 481. 

25. Hass, H, B., and M. L. Bender, /. Am. Chem. Joe., 71. 1767 (1949). 

26. Jones, R. G., J, Am. Chem. Joe., 74. 14B9 (1952). 

27. Badger, G. M., J. E. Campbell, J. W. Cook, R. A. Raphael, and A. I. Scott, 

J. Chem. Joe., 1930, 2326. 

2B. Charpentier*Morize, M., and B. Tchoubar, Compt. rend,, 233. 1621 (1951). 

29. Khan, N. A., F. E. Deatherage, and J. B. Brown, ]. Am. Oil Chemists' Soc., 

28, 27 (1951). 

30. Ziegler, E., and W. Klementschitz, Monatsh., 81, 113 (1930). 

31. Wagner, R. B., and J. A. Moore, J. Am, Cbem. Soc., 71, 4l60 (1949). 

32. Wagner, R. B., and J. A. Moore, J. Am. Chem. Soc., 72, 5301 (1950). 

33. Wagner, R. B., and J. A. Moore, U. S. Pat. 2,606,198 (August 5, 1932). 

34. Frank, R. L., and H. K. Hall, Jr., ]. Am. Chem. Soc., 72. 1645 (1950). 

35. Adams, W. J., V. Petrow, and R. Royer, J. Cbem. Soc., 1931, 678. 

36. Cope, A. C„ A. C. Haven, Jt„ F. L. Ramp, and E. R. Trumbull, J. Am. 

Chem. Soc., 74. 4867 (1932). 



924 


REDUCTION OF HALOGEN-CONTAINING COMPOUNDS 


37. Mi alow, K., J. Am Cbem Soc., 73, 3954 (1951). 

38. Trevoy, L. W., unpublished work, through ref. 57. 

39. Lute, R. E., R. L. Wayland, Jr., and H. G. France, /. Am. Cbem. Soc., 72, 

5511 (1950). 

40. Felkin, H. v CompU fend., 231 , 1316 (1950). 

41. McBee, E. T., and T. M. Burton, J, Am. Chem Soe., 74, 3022 (1952). 

42. Schlenk, H., and B. Lamp, J. Am. Chem. Soc., 73, 5493 (1951). 

43- Schlenk, H., and B. W. De Haas, Nuclear Sei . Abstracts, 3, 543 (1951). 

44. Ciba Ltd., Australian Pat. Appln. 9261/52. 

45. Geiger, M. v E. Usteri, and C. Granacher, Helv. Chim Acta, 34, 1335 (1951). 

46. Henne, A. L. v M. A. Smook, and R. L. Pelley, /. Am. Cbem. Soe., 72, 4756 

(1950). 

47. Henne, A. L., and R. L. Pelley, /. Am. Cbem. Soe., 74, 1426 (1952). 

48. Coll, A. L. P., Afinidad, 25. 549 (1950); Chem. Abstracts, 45. 7981 (1951). 

49- Shoppee, C. W., and G. H, R. Summers, J. Chem. Soe., 1952 , 1790. 

50. Shoppee, C. W. f and G. H. R. Summers, J. Chem. Soc., 1952, 1786. 

51. Eliel, E. L., and J. P. Freeman, J. Am. Chem. Soc., 74, 923 (1952). 

52. Eliel, E. L., and M. C. Herrmann, Abstracts of Papers, 122nd Meeting Ameri¬ 

can Chemical Society, Atlantic City, N. J., September 1952, p. 46M. 

53. Elstow, W. E., and B. C. Piatt, Chemistry and Industry, 1952, 449* 

54. Badger, G. M., J. H. Seidler, and B. Thomson, J. Chem. Soc., 1951. 3207. 

55. Brown, W. G., In Organic Reactions. Vol. VI, p. 481. 

56. Wiberg, E., and A. Jahn, Z. Naturforsch .. 7b. 580 (1952). 

57. Chaikin, S. V., and W. G. Brown, J. Am. Chem. Soc., 71, 122 (1949). 

58. Hermann, E. C., and A. Kieuchunas, J. Am. Chem. Soc., 74, 5168 (1952). 

59. Parke, Davis and Co., Australian Pat. Appln. 13,395/52 (October 15, 1952). 

60. Friedman, L., Abstracts of Papers, 122nd Meeting American Chemical So¬ 

ciety, Atlantic City, N. J., September 1952, p. 46M. 

61. Gerstein, M., R. A. Lad, and H. I. Schlesinger, Abstracts of Papers, 110th 

Meeting American Chemical Society, Chicago, Ill., September 1946, p. 26P. 

62. Erne, M., and F. Ramirez, Helv. Chim Acta, 33, 912 (1950). 

63. Stork, G., and H. Conroy, J. Am Chem Soc., 73, 4743 (1951)- 

64. Gates, M., and G. Tschudi, J. Am Chem Soc., 74, 1109 (1952). 

65. Verrill, K. J., and A. M. Schneider, Brit. Pat. 686,012 (January 14, 1953). 

66 . Beringer, F. M., and E. M. Gindler, unpublished work, private communication. 

67. Beringer, F. M., A. L. Briefly, M. Drezler, E. J. Geering, and E. M. Gindler, 

Abstracts of Papers, 121st Meeting American Chemical Society, Buffalo, 
N. Y., March 1952, p. 3K. 



CHAPTER 15 


Reduction of 

CARBON-CARBON MULTIPLE BONDS 


15.1 CARBON-CARBON DOUBLE BONDS 
15.1.1 Reductious with Lithium Aluminum Hydride 

15.1-1'* Non-aromatic Systems . Under the usual conditions olefins 
and other compounds containing isolated double bonds are resistant to 
attack by LAH. 

1. Alkenyl compounds. The reduction of polar groups can be selec¬ 
tively carried out without attacking conjugated or unconjugated double 
bonds. Thus, croton aldehyde (I) is reduced to crotyl alcohol (1), vinyl- 
acrylic acid (II) is reduced to penta-2,4-dien-l-ol (2) v and methyl 2,4,6- 
hepcatrienoate (III) is reduced to 2,4,6-heptatrien-l-ol (2). 

CH 1 CH=CHCHO LAH CH,CH=CHCH J OH (15-1) 

I 

CH, =CHCH =CHCOOH LAH CR, =CHCH =CHCH 1 OH(15-2) 

U 

CH 1 =CHCH=CHCH=CHCOOCH 1 LAH 

in 

CH a =CHCH =CHCH =CHCH 1 OH (15-3) 

However w Ziegler (3) has reported that certain OL-olefins can be treated 
with LAH or aluminum hydride to form addition products which are capa¬ 
ble of being added to ethylene or Ot-olefins to yield a "'stepwise organo- 
metallic synthesis’ 1 of paraffins. This is discussed in Section 16.3.2. 

Isolated examples of the reduction of the double bond in aliphatic com¬ 
pounds have been reported. Treatment of allyl alcohol with LAH in ether 
at room temperature results only in the replacement of the hydroxyl group 
active hydrogen. Under forcing conditions, in di-n-butyl ether at 100 
for 3 hours, a 24% yield of n-propanol is obtained (4). Freedman and 
Becker (3) have reported the partial reduction of the a,0-unsaturation in 
2-hexenoic acid (IV) upon treatment with LAH in ether. A 58% yield of a 
mixture of alcohols has been obtained which showed, by quantitative 
bromination, a 25.0-28.5% reduction of the double bond. Reduction of 
&-ethylcrotonamide (V) is reported to yield the saturated 0-ethylbutyl- 
amine after a 20-hour reflux period with LAH in ether (6-8). Although the 
published literature indicates the product as a-ethylbutylamine (6) the 
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patent literature (7 y 6) eorrectly designates the product as the jS-ethyl- 
butylamine. The reaction of jS-angelica lactone (VI) with LAH in tetra* 
hydrofuran at 65° for 4 hours yields l,4*pentanediol, isolated as the 
diacetate in 10% yield (9). 

H 

01,01*01,01 —CHCOOH CH, C =CCONH, HC 

CjH, 


IV VI 

Attempts to reduce the double bond in mesityl oxide and 3 M f^I*butyl-3- 
penten-2-one with LAH have been unsuccessful (10), the former giving 
2-methy 1-2-penten-4-ol in 90% yield (11). 

The presence of cyano and ester groups in a v /S-unsaturated cyano- 
acetic acids (VII) activates the double bond sufficiently to result in its 
reduction with LAH in ether at room temperature (12). 

COOH Ol,0H 

r—CH= =c^ R—CH,cft (15*4) 

CN CHjNH, 

vn 

R - (CH,),CHCH,—, (CH I ) J C=CHCH I CH a C=CH- 

CH, 

The LAH reduction of 3-cyclohexyI-2-nicro-2-propen-l-ol in refluxing 
ether is reported to yield the saturated (X-amino alcohol (13). 

H=CCH-OH 

j LAH 

NO, 

vra 

Ziegler (3) has reported the selective reduction of the external double 
bond in 4-vinyI-I-cyclohexene (IX). 

CH, ^^CH,CH, 

Qr — Qr ^ 

IX 

Dreiding and Hartman (14) have shown, however, that the methylene group 
in 2-methylenecycIohexaoone is not reduced with LAH. 
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2. Cyeloalkenyl compounds. Although the LAH reduction of 1-cyclo- 
hexenecarbozylie acid (X) (14-16), l-carbethoxycyclohexene (15,16), 
1-cyclohexenecarboxamide (XI) (16)', N,N-dimethyl-l-cyclohexenecnrbox- 
unide (15,16), N,N-pentamethylene-l-cyclohexenecarboxaniide (15,16), 
1-cyclohezenecarbozaldehyde (Xn) (15,16), l-cyclohezen-3-one (XIII) 
(15-17), l-methyl-l-cyclohezen-3-one (15-19), 4-isopropyl-2-cyclohexen- 
1-one (20), and l-methyM-isopropyl-l-cyclohezen-3-one (20) yields the 



XI XII XIII 


corresponding 1-cyclohexene derivative, the reduction of 1-cyanocyclo- 
hexene (XIV) (15-17) and 1-nitromethylcyclohexene (XV) (15,16) with 
excess LAH under ambient temperatures yields the saturated 
1-aminomethylcyclohexane. 



,CHO 



.CHjNH, 


(15-7) 


(15-8) 


XV 


Even though the reduction of XIV is carried our by the inverse addition 
of a reduced quantity of LAH at -15 ° to yield the aldehyde, the double 
bond is still saturated. The reduction of the double bond in XV is postu¬ 
lated as proceeding through a tautomeric conjugation ( 16 ). 

OH 

or 

XV 



The reduction of the double bond in XIV is ppstulated (16) as proceeding 
through complexes analogous to that postulated in the reduction of cin- 
“amyl derivatives (Section 15.1.1.b.l). 
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lah (15-10) 



The direct reduction of 1-cyclohexenyl methyl ketone (XVIII) with LAH 
at 20° yields ■ mixture of cydohexenyl and cyclohexyl carbinols, the 
saturated product being the predominant one. The inverse reduction of 
XVm with LAH at -10° yields the same mixture of alcohols but with 
reversal of the respective proportions. Even with excess LAH in reflux* 
ing ether some of the unsaturated carbinol is formed (15-17). 



(15-ID 


xvm 
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Reduction of XVIII with aluminum isopropoxide similarly yields a mixture 
of saturated and unsaturated alcohols. The LAH reduction of the double 
bond in XVHI is postulated as proceeding through a complex analogous 
to XVI (16). 



Contrary to the reduction of XVIII, the reduction of 2*acetyl-l,3»3"tri" 
methyl cyclohexene (XX) with LAH in ether is reported to give an 80% 
yield of the cyclohexenyl carbinol (21) while the reduction of 1-acecyl- 
4 ,4-dime thy Icy clohexene (XXI) gives 84% of the unsaturated carbinol (22). 



(15-12) 


(15-13) 


XXI 

The LAH reduction of compounds in which the cyclohexenyl group is 
conjugated with s number of double bonds followed by a reducible group 
results in the retention of the unsnturstion. This has found wide appli- 
cation in the synthesis of vitamin A derivatives and precursors. 



XXII 


(15-14) 
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1 \ / I 

(CH=CHC=CH) n CN ^><^ / (CH=CHC==CH) B CH t NH 1 


XXin (15-15) 

Attempts to selectively reduce the acetylenic linkage in XXIV with 
LAH in ether have given a product in which the allylic double bond has 
been preferentially reduced (23). 

CH, 


C "C—C—CH =CHCH =CHCH, 


OH 

XXIV 

Among other unsaturated alicyclic compounds which have been treated 
with LAH, the cyclopropene ring in sterculic acid (XXV) (24) as well as 
cyclooctatetraene (XXVI) (25) are not readily reduced. 

CH,(CH 1 ) 7 (^=C(CH 1 ) T COOH ~^ 



XXV XXVI 

While the double bond in 1-cyclopentenecarboxylic acid is not attacked 
by LAH (14), Ziegler (3) has successfully selectively reduced a double 
bond in the bridged diene XXVII. 


(15-16) 


XXVII 

Woodward et al. (26) have reported that reduction of 3-keto-A 4 * &* * w - 
etiocholatrienate (XXVIII) with sodium borohydride in ethanol gives a mix¬ 
ture of 3#- and 3/9-hydroxy esters. The infrared spectrum of the product 
shows a slight inflection indicating some reduction of the 16,17-double 
bond. When LAH is used for the reduction the product has a pronounced 
band showing reduction of the 16,17-double bond without reduction of the 
ester group. 

COOCH, 


O 


XXVTTT 
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15-1.l.b Aromatically Conjugated Systems . While the reduction of 
double bonds in purely aliphatic or alicyclic compounds occurs only in 
isolated cases, as indicated above, the presence of the double bond in a 
structural grouping containing an aromatic ring at one end and a polar 

i i i i / 

functional group at the other, i.e., ArC = CCO or ArC=CNy generally 

results in the saturation of the carbon-carbon double bond under normal 
reaction conditions. 

I I 

1. The ArC^=CCO grouping. Hochstein and Brown (4) carried out an 
investigation of the addition of LAH to double bonds and found that 
whereas the normal procedure, i.e., direct addition of the unsaturated 
compound to an ethereal LAH solution at room temperature or under re¬ 
flux conditions, converts cinnamaldehyde (XXIX) to hydrocinnamyl alco¬ 
hol, the reverse addition with the calculated amount of LAH added to the 
aldehyde below 10° gives cinnamyl alcohol. 


C 6 H B CH =CHCHO 

XXIX lnv'ri? 



C.H^HaCHjC^OH (15-17) 


C.H.CH =CHCH a OH (15-18) 


The reaction of cinnamyl alcohol at room temperature with LAH to re¬ 
place the active hydrogen in a rapid reaction followed by a slower reac¬ 
tion to yield, after hydrolysis, hydrocinnamyl alcohol has prompted the 
postulation that the reduction occurs in two successive stages: 



C 6 H b CH =CHCHjOH 

C 6 H B CH=CHCH a OH 


(15-19) 


(C i H l CHCH I CH 1 0—),AILi C e H i CH,CH l CH,OH (15-20) 

Since the reduction of the double bond occurs at a moderate rate under 
normal conditions, it is possible to direct the reduction to yield either 
the unsaturated or the saturated product by the use of the appropriate re¬ 
action conditions. 

The reduction of various cinnamyl type compounds in which reduction 
of the double bond accompanies functional group reduction is summarized 
in Table XCHI. Where different investigators have obtained dissimilar 
results these are included in Table XCffl for comparison purposes. 
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“C. S. Rondestvedtg )c.« 7- Am. Cbem. Soc. t 73, 4509 (1951)- 
l7 Reduc€ioa carried our io 1-1 ether-benzene mixture. 

H F. Bohlmann, Cbem . fier., 85, 1144 (1952). 
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Hochstein (9) reported that the reduction of coumarin (XXX) gives 
mainly the saturated 3-{o-hydroxyphenyl)propanol, accompanied by the 
cinnamyl alcohol (XXXI). 


H 



XXX 


C ^CH,C H,CH,OH 

c 


a CH—CHCH,OH 

- 

XXXI (15-21) 


Karrer and Banerjea (27) obtained only the unsaturated alcohol (XXXI) in 
75% yield. In contrast, ethyl coumarate (XXXII) gives the saturated al¬ 
cohol under all conditions, reduction in the quantity of LAH resulting 
only in the recovery of unreacted ester. 


a H =CHCOOC a H B JCH a CH a CH a OH 

CC 


XXXII 


Reduction of p-methylcinnamic acid yields the cinnamyl alcohol in high 
yield and some unsaturaced alcohol accompanies the saturated alcohol 
even after prolonged refluxing with an excess of an ethereal LAH solu¬ 
tion (28). Although reduction of 2-inechylcinnamic acid at 0-5° yields 
2-mechylcinnamyl alcohol, at higher temperatures a mixture of the satu¬ 
rated and unsacurated alcohols is obtained (29). 

Meek, Lorenzi, and Cristol (30) reported that the reduction of benzal- 
acetone with one-third mole of LAH M as per the directions of Nystrom 
and Brown M gives an oil which on distillation gives a 50% yield of 
1-phenyl-1,3-butadiene. Apparently, the reduction carried out at room 
temperature or in refluxing ether gives the unsaturated alcohol. Larsson 
(11) reported chat the reduction with slightly more than an equimolar 
amount of LAH gives an 87% yield of the saturated alcohol. 

The reduction of benzalacetophenone (XXXIII: Ar « C c H lv R * CH S ) 
and dibenzalacetone (XXXIII: Ar » CjH,, R * C 6 H!CH=CH—) h as 
been carried out under conditions so as to yield either the saturated or 
unsaturaced alcohol. Rondestvedt (31) reported that the reduction of vari- 
ous chalcones (XXXIII: Ar - R - C,H„ CH,OC,H 4 -(p), ClC.MfO, 
CH,C,H 4 -(p)) with 0.6 mole of LAH per mole of XXXIII in refluxing ether 
gives the bydrochalcols in good yield. 


ArCCH— CHR ArCHCH.CH.R (15-23) 

II 1 

xxxra 


o 


OH 
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The initial addition is postulated as being 1,4 to the conjugated system, 
as discussed in Section 15.1.1.f, since a small quantity of jS-anisyl- 
propiophenone has been isolated in the reduction of anisalacetophenone. 
The formation of unsaturated alcohols in the reduction of benzalaceto- 
p hen one and dibenzalacetone must, on the contrary, be the result of 1,2” 
addition to the carbonyl groups. The reduction of chalcones derived from 
phenols yields the unsaturated carbinols (32,33). 

The activating effect of the cyanoacetie grouping is seen in the reduc” 
tion of various cyanoacrylates (XXXIV) with excess LAH at 0° to the 
saturated amino alcohols (12). 


ArCH =CCOOCH a 

I 

CN 

XXXIV 


LAH 


ArCHaCHCH^OH 

CH a NH a 


(15-24) 


Allen and Byers (34-36) reported that in the LAH reduction of nuclear 
substituted cinnamic esters (XXXV) the carbonyl group is preferentially 
reduced to yield the cinnamyl alcohol. The reaction of LAH and XXXV 
yields a complex lithium aluminum alcoholate called lithium salt A. 
Treatment of lithium salt A with an aqueous solution of boric acid, di¬ 
sodium phosphate, ammonium chloride, ammonium sulfate, or ammonium 
carbonate yields the nuclear substituted cinnamyl alcohol (XXXVI). 
Where XXXV is ethyl acetoferulate the product is coniferyl alcohol. 
Alternatively the substituted cinnamyl alcohol is isolated by treating 
lithium salt A with water to give a lithium alcoholate called lithium salt 
B. Treatment of the latter with carbon dioxide yields the alcohol. When 
the dried lithium salt B is heated with a carboxylic acid anhydride, an 
ester of the nuclear-substituted cinnamyl alcohol (XXXVII) is formed. 



R 4 ^4 

YXYVI XXXVII 
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XXXV—► XXXVI 

Ri 

R. 

R. 

R« 

R' 

CjH b 

OCH, 

OCOCH, 

OCH. 

OH 


ch, 

OCH, 

OCH. 

OCH, 

OCH, 


CHj 

OCOCHj 

OCOCH, 

OH 

OH 



C,H, 

O 

0 

0 

» O 


\ 

/ 


\ / 



CH 

a 


CH, 


C,H, 

OCOCH, 

OCH, 

OH 

OCH, 


CA 

OCjHj 

OCOCH, 

OC,Hj 

, OH 


XXXV—* XXXVII CjH, 

OCH, 

OCOCH, 

OCH, 

OH 

C.H, 

C,H, 

OCH, 

OCOCH, 

OCH, 

OH 

CH, 

C,H, 

OCH, 

OCOCH, 

OCH, 

OH 

CH,C,H, 

CH, 

OCOCH, 

OCOCH, 

OH 

OH 

C.H, 


O O 

V 


°\ / 

CH a 


The presence of hydroxy, alkoxy, methylenedioxy, or acecoxy groups 
on the benzene ring apparently influences the reducibility of the double 
bond in the substituted cinnamic acids since these reductions are carried 
out with an equimolar or greater quantity of LAH by direct addition at 
room temperature or below. Freudenberg and his co-workers have suc¬ 
cessfully reduced a number of similar compounds (37-41). 



Ri 


CjH, 

OCH, 

OCOCH, 

OCH, 

OCH, 

OH 

OCH, 

C,H. 

OCH, 

OH 

H 

OCH, 

OH 

H 

H 

OCH, 

OH 

OCH, 

OCH, 

OH 

OCH, 

H 

H 

OH 

H 

H 

OH 

H 

CH, 

H 

OCOCH, 

H 

H 

OH 

H 

C,H, 

H 

OCOCH, 

H 

H 

OH 

H 

CH, 

OCH, 

OCH, 

H 

OCH, 

OCH, 

H* 


*/H2-Methoxy-4-propylphenoxy) derivative • 


It is of interest to note that whereas Freudenberg reported that the reduc¬ 
tion of p-bydroxycinnamic acid (40) and the esters of p-acetoxycinnsmate 
(41) gives p-hydroxycinnamyl alcohol, Karrer and Banerjea (27) reported 
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C a H g (CH=CH),C—C(CH=CH),C 6 H b -► 

O O 
XLI 

CjyCH =CH) X CH —CH(CH =CH),C 6 H„ (15-29) 

OH OH 

Wittig and Hornberger (44) treated a number of cinnamic acid amides 
with LAH in an effort to obtain the corresponding aldehyde. Although the 
attempt to obtain the aldehyde was unsuccessful in the following cases 
the unsaturacion was retained: N,N-dimethylcinnamamide, N-methylcin- 
namanilide, N,N-diphenylcinnamamide, N^-dimethylcinnamalacetamide, 
N,N-diphenylcinnamalacetamide. In the case of the carbazole analogs, 
N-cinnamoylcarbazole, N-cinnamalacetylcarbazole, N-(9-phenylnonatetra- 
enoyl)carbazole, and N-(13-phenyltridecahexaenoyl)carbazole, the cor¬ 
responding unsaturated aldehyde is obtained using one-quarter mole LAH 
in ether or tecrahydrofuran. 

The reduction of various cinnamyl type compounds in which the carbon- 
carbon double bond has been retained intact is summarized in Table 
XCIV. Those compounds which have given both saturated and unsatu¬ 
rated alcohols are in Table XCIII and are therefore not included in Table 
XCIV. 

Hochstein and Brown (4) have concluded that in the reduction of cin¬ 
namyl alcohol with LAH one of the two hydrogen atoms required for the 
conversion to hydrocinnamyl alcohol is supplied by the hydrolyzing agent 
acting upon a carbon-aluminum bond in the intermediate complex. Fail¬ 
ure of the complex to react with carbon dioxide has been considered evi¬ 
dence against a carbon-lithium bond. On the other hand, Bergmann and 
Lavie have postulated a carbon-lithium bond in the LAH reduction of 
fulvenic ketones and dibenzofulvenes, as discussed in Section 15-Ll-d.l> 

Based on deuterium tracer studies and the fact that it is colorless, 
ether-soluble and forms 1-phenyl-1,3-propanediol on oxidation, the inter¬ 
mediate organometallic complex is postulated as XLII. 



XLII 
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The complex actually represents the second stage of the reduction in 
some cases since the starting material would first be reduced to the cin- 
namyl alcohol stage. 

Although in possession of the appropriate cinnamyl structure, the 
O-methyl derivative of dibenzoylmethane, C fl H l COCH=C(OCH,)C i H Br is 
reportedly not reduced by LAH (45). 

I I / 

2. The ArC^=CN{ grouping . The LAH reduction of compounds con- 

I I / 

taining the structural grouping ArC=CN( generally results in the satu¬ 
ration of the carbon-carbon double bond. Thus, oi-nicrostyrene (XLIU) 
and substituted styrenes are reduced to /9-phenylethylamine derivatives. 



CH =CHNO a 


LAH 



CHjCHjNHj 


(15-30) 


XLIII 


Owing to the usual low ether solubility of the substituted nitrostyrenes 
reductions are generally carried out by the Soxhlet technique in order to 
bring the material into solution. This entails the use of reaction times 
probably greater than necessary for the actual reduction. Thus, Erne and 
Ramirez have carried out the reduction of XLIV by the Soxhlet technique 
with ether over a period of 8 hours (46). Gensler and Samour have used 
dioxane as a solvent, dispensed with the Soxhlet procedure and have re¬ 
duced the reaction time to 65 minutes (47). 


H a C 





CH =CHNO a 


LAH 


H,C 


''Nr 



XLIV 


CHjCHaNHj 


(15-31) 


Gilsdorf and Nord (48) reported an intensive study of the reverse addi¬ 
tion of LAH to nitroolefins to yield amine, hydroxylamine, oxime or nitro- 
paraffin in various mixtures. In addition a ketone, e.g. phenylacetone 
from the reduction of l*phenyl-2-nitro-l*propene (XLV), is formed by a 
modified Nef reaction on the acidic hydrolysis of intermediates. 


C^CH—CCH, 

NO, 

XLV 


(15-32) 


C t H fl CH fl CHCH, C.H.CH.CHCH, 
NO, NH, 


C.H.CHjCCH, C.H.CH.GHCH, 


NHOH 


C.H.CHjCCH, 

( 

O 


NOH 



LAH Reduction of Compounds Containing the ArC-C-C-O Grouping with Retention 

of the Carbon-Carbon Double Bond 
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l-W^-DihydrouyphenyO-J-fZ-hydroxy-J- l-(2,4-Dihydroryphenyl)-3-(2-hydroxy-3- 

methoKyphenyl)-2-piopea-l-one methoxyphenyl)-2-propen- l-ol 
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Analogous compounds p as summarized in Table XCV v are obtained by 
the reduction of l-phenyl-2-nitro- 1-butene, l-phenyl-2-nitro-l-pentene p 
l-o-chlorophenyl-2-nitro-l-propene, 1-(2-thienyl >2-nitro-1-prop ene, and 
/S-nitrostyrene. 

By treating the nitroolefin with a slight excess over the amount of LAH 
necessary for reduction of the double bond via inverse addition at -40° 
to-50° and hydrolyzing with sodium potassium tartrate, the nitroparaffin 
is formed. It is postulated that although this reaction may involve the 
selective reduction of the double bond, it is also possible that reduction 
may occur by a 1,4-addition especially in view of the polarity of the nicro 
group and the fact that the reduction takes place at -40 to -50°. 

In an early communication (49) the authors reported that the inverse 
addition of LAH at —30° to -40° followed by hydrolysis with sodium 
potassium tartrate gives phenylacetaldimine and benzyl methyl ketimine 
from /9-nitrostyrene and l-phenyl-2-nitro-l-propene, respectively. This 
was indicative of a selective reduction of the nitro group with retention 
of the double bond. In their later paper (48) it was reported that the frac¬ 
tion originally identified as the imine is actually a mixture of the oxime 
and hydroxyl amine. 

The LAH reduction of various o>-nitrostyrene derivatives substituted on 
the phenyl ring as well as the side chain are summarized in Table XCV. 
The reduction of various heterocyclic analogs involving the thiophene 
and thiazole nuclei are also included in Table XCV. 

3. OL 9 (3-Unsaturated oximes . Larsson reported that the LAH reduction 
of cinnamaldoxime (LXVI) in ether gives an 8455 yield of 3-phenylpropyl- 
amine (30). 

C,H l CH=CHCH=NOH C.H p CH 1 CH a CH,NH a (15-33) 

XL VI 

On the other hand, Valter reported that the reduction of XLVI gives the 
unsaturated amine in good yield. 

C.H,CH=CHCH= NOH C,H,CH=CHCH.NH l . (15-34) 

XLVI S33% 

The reduction of benzalacetone oxime (XLVII), in refluxing ether, also 
gives the unsaturated amine (51). 

C-H-CH^CHCCH, C.H.CH 

• 1 ii * ss% 

NOH 

XLVII 

In the reduction of the ozime of 4,5-benztropolone methyl ether (XLVIII) 
to 5-aminobenzsuberone-4, isolated as the acetyl derivative, reduction of 


=CHCHCH. (15-35) 

I 

NH a 



LAH Reduction of Compounds Containing the ArC=C—NO a Grouping 

Compound Product % Yield Ref. 
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/3-Phenylisopropyl amine 
N-(/3-Phenylisopropyl)hydroxylamine 



CARBON-CARBON DOUBLE BONDS 


945 


go VO VO o H rr ^ 

H (N (N N IN 


ssrs 


CD fO h 00 

m m go no 


9 e e SO 

m ■> ■*> ” 

VO h- VO ^ ^ ^ 
oo r- go r- r-* pj 


v > 

.5 >* 

E g 
JS -2 

c ■£ d. 
d v i 

*f S 

a o j: 

? ii* 

u JS V 

m i 

in O ' 

J, JB h I 

So. 

Ji|- 

CL v E 

^ ^ CN 


A A 

— —4 

►* fc* 


s 

js o a ^ * J3 

s § i s ft ft 

B E a 5 m m 


•SM & 

O -H O 
>s N >sX 

,-s t-s s 
«* «2 
^ A 


3 IN . 

*2 PSI ►» 
ova. 

Jj I 

c c £ i 

U v A 1 
■C »C i 

“■ 51 ; 


h C a 

„ ^ >S tl 

ill f 

ir| I 

a i o u 

I) CN J3 g 

P--L s | 
7 &.S £ 

’►..So 4 

L g PL 4 4 

P ja A po rs 

'Of Y Y Y 


JH ^ (I S U 

>. h a -r c 

Si'S gl « 

J3 g d 5 d J 

9*-Sa| 8 

IN v v Y w 2 
» * * 

fh ci d 2 


0 0® 

§ § s, 

Hi 

A A PM 

isi 

0 0 a 

■j? v? 5 

QQj 

44* 


S U V 

II S E 
v* a ■£ ■s 
SiHH 
* U 4 «*! 
C CL ro 4* 


I 5 

g & g J2 g 

O O II & w 
b *a m s m 

|£t J& 

d 4 in 


(1 

0 

6 

o' 

«1 t 

0 o 

z s 

3, 

Ml 

* 

■< 

a. 2 * 

•0 <M 

a. 

u 

* 

(J 

* 

u 

a j a 3! 
u u 


iCINOgS 5-Chloro-2-((i>-tiitravinyl)thiophene /9-(5-Chloro-2-thienyl)ethylamine 

,NOjS 2-(o>Ni tro vi ny 1 )t hi op he ne /fl-(2-ThienyI)echylamine 



946 


REDUCTION OF CARBON-CARBON MULTIPLE BONDS 


15.1 






CARBON-CARBON DOUBLE BONDS 


947 


15.1 


References—Table XCV 

'R. F. Nyscrom and W. G. Brown, /. Am. Cbem . Soc., 70, 373B (1948). 

*H. I. Sc hie singer and A. E. Finholt, U. S. Pat. 2,567,972 (September 18, 1951). 
Inverse addition of one-half quantity of LAH calculated for nitro group reduc¬ 
tion at — 30 to—40 , hydrolysis with sodium potassium tartrate. 

*R. T. Gilsdorf and F. F. Nerd, /. Am. Cbem. So c. t 74, 1637 (1952). 

Hflverse addition of quantity LAH calculated for double bond reduction at —40° 
to —50 , hydrolysis with hydrochloric acid. 

•M. Erne and F. Ramirez, Helv. Cbim. Acta, 33, 912 (1950). 

Hsolated as hydrochloride. 

'Reduction carried out in dioxane. 

f W. J. Gensler and C. M. Samour, J. Am. Chem. Soc., 72 , 3318 (1950); 73, 5555 
(1951). 

10 lsolated as picrate. 

''Inverse addition quantity LAH calculated nitro group reduction at —30° to 
— 40 , hydrolysis with sodium potassium tartrate. 

"As in footnote 3 except hydrolysis with hydrochloric acid. 

"As in footnote 5 except hydrolysis with sodium potassium tartrate. 

14 J. Bernstein, H. L. Yale, K. Losee, M. Holsing, J. Martins, and W. A. Lott, J . 

Am. Cbem. Soc. 9 73, 906 (1951). 

"F. A. Ramirez and A. Burger, ibid., 72, 2781 (1950). 

"K. E. Hamlin and A. W. Weston, ibid., 71, 2210 (1949). 

1T R. I. T. Cromartie and ). Harley-Mason, J . Chem. Soc., 1952, 2525- 
"). D. Bu'Lock and ]. Harley-Mason, ibid., 1951, 2248. 

"F. Benington and R. D. Morin, ]. Am. Chem. Soc., 73, 1353 (1951). 

"A. Dornow and G. Petsch, Arch, pharm., 284, 160 (1951). 

"A. Dornow and F. Boberg, Ann., 578, 94 (1952). 

"Reduction carried out in cetrahydrofuran. 

"J. Finkelstein, J. Am. Cbem. Soc., 73, 550 (1951). 

"D. Ginsburg, Bull. soc. cbim. France, [ 5 ] 17, 510 (1950). 

"R. T. Giladorf and F. F. Nord, J. Org. Chem., 15% 807 (1950). 

"Isolated as dipicrate. 

a7 M. Erne, F. Ramirez, and A. Burger, Helv . Cbim . Acta, 34, 143 (1951). 
"Isolated as dihydro bromide. 


the double bond 0C v /3 to the oxime group accompanies the other transfor¬ 
mations (52). 



4* (o-Halostyrene. The presence of the adjacent reducible group in 
^-bromostyrene is insufficient to cause reduction of the double bond 
since after 19 hours in tetrahydrofuran at 65 0 with excess LAH, a 49% 
yield of styrene is obtained (53). 
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15-1.l.c Sulfur and Nitrogen Compounds . Bordwell and McKellin car¬ 
ried out the LAH reduction of various sulfones to sulfides and reported 
that rhe reduction of benzothiophene 1-dioxide (XLIX) with a 
9:1-sulfone: LAH ratio gives 33% of 2,3-dihydrobenzothiophene after one- 
half hour at 35 ° and 79% yield after 18 hours (54). 



o 2 

XLIX 


(15-37) 


In contrast, benzothiophene is not reduced after 18 hours in refluxing 
ether. Reduction of the double bond accompanies the reduction of the 
(X,jS-unsaturated sulfone, phenyl vinyl sulfone (L), with a 3:1 ratio of 
sulfone:LAH at 92° in refluxing ethyl butyl ether after 2.5 hours (12% 
yield) and 18 hours (14% yield) (54). 

C 6 H b S0 1 CH=CH 1 LAH C,H,SC,H, (15-38) 

L 


The reduction of jS-styrenesulfonyl chloride (LI) by the inverse addi¬ 
tion of an ethereal LAH solution at -70° gives j8-styrenesulfinic acid as 
the sodium salt with preservation of the double bond (55). 

C t H,CH=CHSO a Cl C.H,CH=CHS0 1 H (15-39) 

78% 

LI 


Julian and Printy reported that the reduction of 1-methyl- and 1,3- 
dimethylindole (LIT) gives the corresponding indolines (56). 



Here the ArC=C—grouping is present as in the |9-nitrostyrenes. 
Indole itself is not reduced by LAH in ether. 

Baker, Schaub and Williams (57) reported that the reduction of various 
pyrrolenones (LI1I) in a benzene-ether mixture results in reduction at 
three sites, the lactam, ester and double bond. 
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LUI 



(15-41) 


Ri 

H 

H 

H 


CHjOCHj— 


H 

CHj 

CHjOCHj— 


H 


% Yield 


47 

59 

41 

73 


Julian and Printy (56) reported that the reduction of 1 -methyloxindoles 
(LIV) gives the corresponding indoles and indolines. Cook, Loudon and 
McCloskey reported the same mixture of products from the reduction of 
3-mono- or unsubstituted 1-methyloxindoles (58). 
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The indoline (LVI) is considered as arising by the reduction of the double 
bond in LV since 1-methylindoles are reduced to indolines. However, 
since the normal LAH reduction product of lactams and of 3,3-disubsti- 
tured oxindoles is the cyclic amine the indolines may be a result of the 
normal course of reaction. 

The LAH reduction of 2-methyltetrahydrobenzoxazole (LVII) yields 
2-ethylaminocyclohexanol (60). 


OgL^CC 


(15-43) 


LVII 


As discussed in Sections 12 . 16.1 and 12.17 the cleavage of the benzoxa- 
zole ring results from the reduction of the carbon-nitrogen double bond 

II 

and cleavage of the —NCO— grouping. However, the reduction of the 
carbon-carbon double bond is a further example of the saturation of the 

I I I 

—C=C—N— grouping. 

The LAH reduction of pyridine and 2-hydroxypyridine in di-n-butyl ether 
yields, in part, piperidine, involving carbon-carbon double bond reduction 
(6l). Treatment of carbethoxypyridines with LAH at elevated tempera¬ 
tures and with a prolonged reaction time yields small amounts of piperidyl 
carbinols and methylpyridines (62). Analogously, 2-hydroxyquinoline 
yields, in part, tetrahydroquinoline (6l). 

15.1.1.d Polar Semicyclic Double Bonds ■ 

1. Fulvene derivatives . The fulvenes are polar substances in which 
the semicyclic central double bond possesses a dipole moment directed 
toward the pentagonal ring. The polar carbon-carbon double bond should 
therefore respond to the action of LAH since the latter generally attacks 
polar systems such as the carbonyl carbon-oxygen double bond. Ziegler 
(3) reported the LAH reduction of 6,6-dimethylfulvene (LVIII) to the 
isopropylcyclopentadiene. 


lK^DC 


(15-40 


CH(OU 


Lvm 


Lavie and Bergmann carried out a series of LAH reductions with di* 
benzofulvenes in order to clarify che mechanism of the reaction and to 
provide evidence for the polar character of the central double bonds. The 
reduction of dibiphenyleneethylene or 9,9"-difluorenylidene (LIX) in ether 
gives a 93% yield of dibiphenyleneethane (63,64). 
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LAH 


(15-45) 


LIX 

Goodman obtained a 77.5% yield of dibiphenyleneethane in the reduction 
of LIX and noted that the same product is obtained in refluxing ethanol 
with Raney nickel (65). 

The LAH reduction of benzhydrylidenefluorene (LX) in refluxing ether 
or dioxane gives 9-benzyhydrylfluorene (LXI1) in 100 and 42% yields, re¬ 
spectively, after hydrolysis of the colored intermediate product. The 
color of the intermediate indicates the formation of an organometallic 
compound. Although Hochstein and Brown have postulated the attachment 
of the aluminum atom to the negative carbon atom in the polar system 
attacked, Lavie and Bergmann favor a carbon-lithium bond. Among the 
arguments advanced by the latter are the fact that organoalkaline com¬ 
pounds containing the grouping Ar—C — Li are vividly colored whereas 
compounds such as dibenzylmagnesium and bis-triphenylmethylmagnesium, 
analogous to Ar—C—Al, are colorless. They have concluded that, 
especially in the case of the fulvenes, the reducing agent is, in effect, 
lithium hydride Li®H® which reacts with the central double bond to give 
the lithium addition product LXI. Further, the addition of p-chlorobenzyl 
chloride to the product of the reaction of LAH and LX yields 9-benzhydryI- 
9-p-chlorobenzylfluorene (LXI1I). 
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It should be pointed out that although Hochstein and Brown (4) found 
that the complex from cinnamyl alcohol and LAH fails to react with 
carbon dioxide and hence the carbon-lithium bond was discounted, Trevoy 
and Brown (53) later reported that the reaction of fluorene and LAH in 
tetrahydrofuran gives a complex which on carbonation is converted to 
fluorene-9-carboxylic acid. 

The LAH reduction of benzylidenefluorene (LXIV) yields a complex 
(LXV) which, upon hydrolysis, yields 9-benzylfluorene and a bimolecular 
product formulated as 9 l 9'”dibenzyldibiphenyleneethane (LXVI) (63,64). 






H,0 

-1 



The bimolecular product is probably formed by oxidation of the organo- 
metallic compound by traces of oxygen since it can be obtained in quanti¬ 
tative yields by bubbling a stream of dry air through a suspension of the 
addition product (LXV). The addition of benzyl chloride to LXV yields 
84% of 9,9-dibenzylfluorene while p-chlorobenzyl chloride yields 82% of 
9"benzyl-9-p~chlorobenzylfluorene, 

The LAH reduction of p-bromobenzylidenefluorene (LXVIIiR * Br) 

yields 9-p-bromobenzylfluorene while p-methoxybenzylidenefluorene 
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(LXVII:R ■ OCH,) yields p-methoxybenzylfluorene and the bimolecular 
product 9,9'-<ii*fy‘-niethoxybenzyl)dibiphenyleneethane (63,64). 





The dimeric product is postulated as proceeding via the attack of the 
negative hydride ion on the positive end of the dipole to form a radical 
which dimerizes (63). The LAH reduction of p-chlorobenzylidenefluorene 
(LXVII.'R « Cl), followed by bubbling dry air through the reaction mix¬ 
ture, yields the dimeric 9,9'-di-(p-chlorobenzyl)dibiphenyleneethane (66). 
Trevoy and Brown (53) reported that the LAH reduction of 9 a bromofluorene 
gives fluorene and dibiphenyleneethane while diphenylbromomethane 
gives diphenylmethane and tetraphenylethane. 

These experiments indicate that these fulvenes have a polar central 
double bond whose moment is directed towards the five-membered ring. 
The negative hydride ion adds to the positive pole of the double bond, 
i-e,, the benzylidene carbon atom, while the Li® or the (LiAlH,)® is at¬ 
tached to the central carbon atom of the fluorenic system, the negative 
end of the dipole (63,64,67). 

The reduction of ethylenefluorene to 9-ethylfluorene and 9,9 /- diethyl- 
dibiphenyleneethane indicates that the course of the reaction is not de¬ 
pendent upon the presence of an aromatic group in the side chain (64). 
The reduction of cinnamylidenefluorene (LXVIII) yields 9-cinnamyl- 
Huorene indicating that the most positive carbon in the system is adja¬ 
cent to the fluorene ring and not the phenyl ring. 
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(15-49) 


LXVIII 

Although the methoxy group induces a polarization of the ethylene 
bond, l,l-di-(p-methoxyphenyl)ethylene (LX1X) is not attacked by LAH 
(64). Triphenylethylene (LXX) is similarly not attacked (68). 



LXIX 


LXX 


Ultraviolet absorption spectra and dipole moment measurements have 
indicated that the heptagonal ring in the aryl derivatives of 2,3,6,7- 
dibenzoheptafulvene is non-planar and therefore conjugation is destroyed. 
This is borne out by the fact that 1-benzylidene- and 1-p-chlorobenzyli- 
dene-2,3,6,7-dibenzo-2,4,6-cycloheptatriene (LXXI) are not attacked by 
LAH due to the non-polar character of the semi-cyclic double bonds 
(68,69). 



LXXI 
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2. Xantbene derivatives . In benzylidenexanthene (LXXII) the divalent 
oxygen participates in the resonance of the system. The heterocyclic 
nucleus is planar and the seraicyclic double bond is polar. However, the 
positive extremity of the dipole is on the central carbon atom of the 
xanthenic system rather than on the benzylidene carbon atom as in the 
fulvenes. Treatment of LXXII with LAH in dioxane yields a bimolecular 
product postulated as sym. dixanthyldiphenylethane (LXXIII) rather than 
9,9'-dibenzyldixanthyl. The formation of LXXIII is explained by the at¬ 
tack of the negative hydride ion on the positive end of the dipole and the 
dimerization of the resultant radical by traces of oxygen present in the 
system. In addition to LXXIII, a second reaction product is xanthone 
(LXXIV) rather than benzylxanthene (70). 



(LXXV) yields anthraquinone, analogous to the formation of LXXIV (71). 




(15-51) 


Treatment of LXXV with organomagnesium compounds similarly yields 
anthraquinone. 

The LAH reduction of benzhydrylideneanthrone (LXXVI) yields the 
dimeric syin-tetraphenyl-bis-(9plD B dihydro-^anthryl)ethane. The initial 
reaction is postulated as a 1,6-addition attacking the oxygen atom and 
liberating a valence of the central carbon in the benzhydrylidene group 
w hich is stabilized by dimerization. Hydrogenolysis and reduction yields 
the symmetrical dimeric product (71). 
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The 1,6-addition to LXXVI has also been reported with the Grignard 
reagent. 

15.1.1.e Heterocyclically Conjugated Systems. The double bonds in 
l,2-di-(X-furylethylene (LXXVII) are not attacked after a 24 hour reaction 
period with LAH (72). 


Nj^CH =CH / S)^ 

LXXVII 


UL, 


CH=CHCHO 

LXXVin 


Contrary to the behavior of cinnamaldehyde, the LAH reduction of 3*01- 
furylacrolein (LXXVIII) yields 3-OC-furylallyl alcohol (73). 

15.1.1.f 1,2-Diketoethylenes. Lutz and Gillespie (74) observed that 
the LAH reduction of cis and frans-dibenzoylethylene (LXXIX) gives 10% 
of frans-l p 4-diphenyl-2-buten-l,4-diol (LXXX) and 88% of 1,4-diphenyl- 
butan-4-ol- 1-one (LXXXI). 

C ( H ( CCH =CHCC,H g LAH C.H.CHCH =CHCHC,H, + 

0 0 OH OH 

LXXIX LXXX 

C ( H t CCH l CH a CHC ( H l (15-53) 

0 OH 

LXXXI 


The same products are obtained from both isomers doubtless due to 
isomerization before reduction. The unsaturated glycol (LXXX) is the 
expected result of reduction of the two carbonyl groups. The hydroxy 
ketone (LXXXI) results from 1,4-addition of LAH to the a,j8-unsaturated 
ketone with prior or subsequent 1,2-reduction of the carbonyl group inde¬ 
pendently of the other carbonyl group. 
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C,H I CCH=CHCC,H, 

II II 

o o 

LXXIX 


H^ H ] 

C.H.C —CH =^CH^-CC„H, 

1 1 

A1H, A1H, 


C.H.C 

O 


CH —CHjCH =CC 8 H, 


C 6 HjCHCH,CH j CC 6 H, (15-54) 

» I II 

OH O 

LXXX1 

An intermediate cyclic transition state analogous to those proposed in 
Grignard reactions and in aluminum alkoxide reductions has been postu¬ 
lated as applicable to the LAH reductions (74). 




HCOC.H. 


* e ^ 

AI —H 


L XXXII 

The LAH reduction of rrans-dimesitoylethylene (LXXXIII) gives the 
hydroxy ketone by 1,4-addition (74). 

CjH.jCCH =CHCC,H L1 C,H ll CCH 1 CH l CHC,H ll (15-55) 

II II 94% II I 

Ob OH 

LXXXIII 

The reduction of fnms-dibenzoyldimethylethylene is reported to yield 
equal amounts of racemic and meso unsaturated glycols, without occur¬ 
rence of 1,4-addition (75). 

The LAH reduction of 1,2-dimesitylpropenone (LXXXIV) yields 1,2- 
dimesityl-l-propen-l-ol (LXXXV), an enol which is evidently stabilized 
and protected in the form of the lithium salt, and liberated upon hydroly¬ 
sis (76). 
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C*H U C—CCiH,! C,H 11 C=CC,H I1 (13-56) 

II II ’°* II 

CH a 0 CH, OH 

LXXXIV LXXXV 

Cavalla and McGhie (77,78) reported chat the LAH reduction of dike- 
tolanostenyl acetate (LXXXVI), followed by acetylation, gives a keco- 
diacecate, a saturated hydroxydiacetate, and an unsaturated triacetate. 



The formation of LXXXVIII is indicative of 1,4-addition of LAH to the 
conjugated system. 

Boyland and Manson (79) studied the LAH reduction of various 
p-quinones and found that, whereas 9,l(^anthraquinone is reduced to 
9 l 10-dihydro-9|l0-dihydroxyanthracene v the reduction of 1,4-naphtha- 
quinone (XC) gives a mixture of products, including two neutral products 
in which the 2,3-double bond has been reduced. 



XC XCI XCH 


The reduction of 2-methyl-l,4-naphchaquinone gives an analogous mix¬ 
ture of products, the relative quantities dependent upon the reaction con¬ 
ditions. The saturation of the double bond to yield XCI and XCII ap¬ 
parently results from 1,4-addition. 

As mentioned in Section 13.1.1.b.l, in the reduction of chalcones (1,3* 
diaryl-Ot,jS-unsaturated ketones) to saturated alcohols the initial step is 
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Bergmann et al m (66) reported that the LAH reduction of 2,3-diphenyl- 
indone (XCVII) gives 2,3-diphenylindene (XCVIU) and 2,3-diphenylhy- 
drindone (XCIX), 




In this case the fulvenic ketone yields products resulting from reduction 
of both true double bonds, the carbonyl and the carbon-carbon bonds. 
Organolithium compounds add l v 4 to XCVII while che Grignard reagent 
adds l v 2. 

15.1.1.h Perinaphthenone . The reduction of perinaphthenone (C) with 
an excess of ethereal LAH is reported to yield a mixture of perinaphchene 
(Cl) and perinaphthanone-7 (CII) as well as phenolic material. Boekel- 
heide and Larrabee (82) postulated that the initial reaction intermediate 
undergoes further reaction: 






(15-63) 


(15-64) 


CII may arise by a hydrogenolysis reaction, as discussed in Section 16.1. 

15.1.Li Enols and Enol Ethers . The non~reduction of enols with LAH 
under the usual conditional results, upon appropriate hydrolysis, in the 
conversion of che double«bonded enolic structure to a saturated ketone, 
e.g., the reduction of CX-angelica lactone (CHI) to 3-acety 1-1 -propanol (9)» 



CARBON-CARBON DOUBLE BONDS 


961 


15.1 



O 

II 

CH.CCH. 

I 

CHjCHjOH 


(15-65) 


and the reduction of ketene dimers to hydroxy ketones 


RCH=C—CHR 


O—C=0 
CIV 


LAH 


RCH=C—CHR' 

I I 

OH CH a OH 


(83,84). 

RCH-C—CHR' 

• II I 

0 CHjOH 
(15-66) 


However, in the reduction of 3-phenylisocoumarin (CV) the double bond 
in the enolic grouping is reduced (85). 



(15-67) 


The LAH reduction of the geometric isomer of (X f j9-diphenyl-j8-methoxy- 
acrylonicrile (CVI) with m.p. 106° is reported to yield Ot-benzylphenyl- 
acetonitrile involving apparent demethylation and reduction of the double 
bond (86). 

C,H,C=CC,H I C.H.CHCH.C.H, (15-68) 

CN OCH, CN 

CVI 


While the LAH reduction of various 2-hydroxymerhylenic ethers of 
cyclohexanone (CVII), followed by acid hydrolysis, yields the corres- 



R, Rj R 

iT H i-CA 

CH, H *-C«H, 

CH, CH, 

CH, CH, CH, 


CVII 
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The reaction of enols and enol ethers with LAH is discussed in Sec¬ 
tion 11.5. 

15.1.1.) Enol Esters. In the steroid series, the reduction of 0t v /9- 
unsaturated ketones with the complex metal hydrides yields the corre¬ 
sponding unsaturated carbinol. Analogously, the reduction of the enol 
ether derived from the unsaturated ketone leaves the conjugated diene 
ether grouping intact and, on appropriate hydrolysis, the 01 ,/9-unsaturated 
ketone is recovered. In contrast, the reduction of the enol acetates de¬ 
rived from 0l,j3-iwsaturated as well as saturated steroidal ketones yields 
products in which carbon-carbon double bond reduction has occurred. 

Dauben and Eastham investigated the LAH reduction of cholestenone 
enol acetate (CXU) and obtained a complex mixture consisting of cholest- 
4-en-3-one, cholesterol, epicholesterol and cholest-4-en-30t- and £-ols 
(89,90). 



CXIV 


Cholest-4-en-3-one (CXIII) and cholesterol (CXIV) are obtained in 30-34% 
yield while epicholesterol is obtained in approximately 15% yield. The 
A'-stenols are formed in only small quantities and, in fact, have never 
been isolated directly but have been identified by the isolation of chol- 
estadiene after a mild acid treatment. Using the enol acetate of cholest- 
4-en-3-one-4-C*\ cholesterol-4-C" has been prepared in 50% yield (based 


upon recovered cholestenone). 

Brown (91) has confirmed the results of the LAH reduction of CXU and 
has further reported that aluminum hydride brings about the same results. 
However, the action of aluminum hydride in the presence of excess alu¬ 
minum chloride gives 16% of cholest-4-ene, 207. of cholest-4-en-3-one 
and 49* of a molecular compound which after acetylation and fractional 
crystallization gives two acetates which are hydrolyze to two 
postulated as mms-cholest-5-ene-3,4-diols. ...... k „ 

The reduction of the enol acetate of chojestanone (CXV) with LAH y 
normal or inverse addition yields 17-20* of epicholestanol, 58* of 
cholestanol, and 10-21* of 3 -cholestanone. 



964 


REDUCTION OF CARBON-CARBON MULTIPLE BONDS 


15.1 



Reduction of the enol acetate of coprostanone (CXVI) with LAH yields 
63-7056 of epicoprostanol, 13*2056 of coprostanol and 8-1056 of coprosta¬ 
none (92). 





(15-75) 


The reduction of enol esters is discussed in Section 9.3. 

15.1.2 Reductions with Magnesium Aluminum Hydride 

Although an insufficient number of examples have been reported to 
draw conclusions, the carbon-carbon double bond is probably unattacked 
by the magnesium aluminum hydride since the reactive cinnamic acid is 
reduced to cinnamyl alcohol (93). 

15.L3 Reductions with Sodium Borohydride 

Chaikin and Brown (94) reported that normally sodium borohydride in 
aqueous or methanol solution does not attack double bonds. Thus, cro- 
tonaldehyde and mesityl oxide yield the corresponding unsaturated alco¬ 
hols. While cinnamyl alcohol is not reduced and cinnamaldehyde yields 
9756 cinnamyl alcohol, the reduction of cinnamoyl chloride in dioxane 
solution gives 1256 of hydrocinnamyl alcohol and an unhydrolyzable 
organoboron product. Reduction of the carbon-carbon double bond also 
occurs in the reduction of crotonyl chloride although a boron-free product 
has not been isolated. 

As mentioned in Section 15.1.1.a,2 p the reduction of 3-ketoetiochola- 
4,9(11),l&trienate (XXVIII) with sodium borohydride in ethanol results 
in some reduction of the 16,17-double bond (26). 
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The reduction of cholestenone enol acetate (CXU) with sodium boro- 
hydride in a methanol-ether mixture or in aqueous ethanol yields the same 
mixture of products as in the reduction with LAH (equation 15-73), with 
the exception of cholestenone (CXIII) (95,96). The major product In 
38-75% yield is cholesterol (CXIV) v while epicholescerol is obtained in 
approximately 10% yield. Treatment of the enol acetate of cholest-4-en- 
3-one-3-C 14 with sodium borohydride in ethanol has been utilized for the 
preparation of cholesterol-3-C 14 in 60 % yield (97). Since sodium boro¬ 
hydride does not ordinarily attack esters the initial step in the reduction 
of CXII is postulated as the solvolysis of the enol acetate to yield 
cholest-5-en-3-one which is then reduced to the epimeric cholesterols. 
A slow rearrangement of the A B -stenone to the conjugated A 4 -stenone is 
followed by reduction of the latter to the A 4 -stenols. 

The reduction of 3-acetoxycholesta-3.5,7-triene, the enol acetate of 
cholesca-4 v 7-dien-3-one (CXVII), with sodium borohydride in a methanol- 
ether mixture yields a mixture of epimeric cholesta-5,7-dien-3-ols con¬ 
taining 70% of 7-dehydrocholesterol (98). 



Reduction of the enol acetate of cholestanone (CXV) with sodium boro¬ 
hydride yields 13% of epicholestanol and 84% of cholestanol, with no 
ketone isolated among the reduction products (92). 

15.1.4 Redactions with Potass!am Borohydride 

Panouse reported that reduction of pyridine methiodide (CXVIII: R m H) 
with a solution of potassium borohydride in aqueous sodium hydroxide 
yields N-methyl-l l 2 f 5,6-tetrahydropyridine (99). 



CXVIII 



(15-77) 


Reduction of nicotinamide methiodide (CXVIII: R * CONHj) yields a 
mixture of the o-dihydro and tetrahydro derivatives (98)| while nicotinic 
acid methiodide (CXVIII: R - COOH) and methyl nicotinate methiodide 
(CXVIII: R - COOCH,) yield the tetrahydro derivatives (100). Torossian 
reported that the reduction of N-aIkyIq“inoliniura (CXIX) and isoquino- 
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linium salts (CXX) with potassium borohydride gives tetrahydro deriva¬ 
tives (101). 



R< 



CXIX 


(15-78) 




CXX 

R - CH„ C^H,, CjH,, C 4 H b 


(15-79) 


If the reduction is carried out in alkaline medium, a mixture of the 
o-dihydro and tetrahydro compounds are obtained. Torossian postulated 
that after partial reduction by the borohydride to the dihydro derivative, 
the alkalinity of the reaction mixture results in the conversion to the 
tetrahydro derivative. 

IS. 1.5 Redactions with Lithium Borohydride 

Lithium borohydride in tetrahydrofuran reduces croton aldehyde to 
crotyl alcohol but crotonic acid, after a 2-hour reflux period, yields 1075 
butyric acid, 4% butanol, and 4576 of starting material (102). Wittig and 
Homberger (44) treated a series of cinnamamide derivatives with lithium 
borohydride in an attempt to obtain the unsaturated aldehyde. The fol¬ 
lowing amides were treated with the borohydride with the resultant ab¬ 
sence of reduction or the formation of the unsaturated aldehyde, in either 
case with retention of the carbon-carbon double bond: N,N-dimethylcin- 
n am amide, N-methylcinnamanilide, N,N-diphenylcinnamamide, N,N-di- 
methylcinnamalacetamide, N,N-diphenylcinnamalacetamide, N-cinnamoyl- 
carbazole, N-cinnamalacetylcarbazole, N-(9-phenylnonatetraenoyl)- 
carbazole. 

Replacement of lithium borohydride with an equimolecular mixture of 
potassium borohydride and lithium chloride results in the reduction of 
ethyl cinnamate to 6676 of hydrocinnamyl alcohol and 1076 of cinnamyl 
alcohol (103)- 


15.2 AROMATIC HYDROCARBONS 

As would be expected, aromatic hydrocarbons are generally not at¬ 
tacked by LAH. Sampey and Cox (104) reported that attempts to reduce 
naphthalene and anthracene with LAH in ether or dioxane have been un- 
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successful. However, when 0.2 mole of solid LAH is shaken with 0.05 
mole of molten anthracene (CXXI) at 220-230° for 6 hours, reduction oc¬ 
curs to yield 45-60% of a product identified as 1,2,3,4-tetrahydroanthra- 
cene by mixed melting point with a sample prepared by reduction of an¬ 
thracene with Raney nickel. Increasing the reaction temperature to 240- 
270° or lengthening the time of heating as well as reducing the LAH 
concentration reduces the yield of product. Goodman (105) has repeated 
the work of Sampey and Cox, using identical conditions, and has found 
that the product consists of 44% anthracene (CXXI) and 56% of 9,10- 
dihydroanthracene (CXXII) which can be oxidized to anthraquinone. 



LAH 



(15-80) 


CXXI 


CXXII 


Sampey and Cox (104) reported that a 22% yield of 9,10-dihydrophenan- 
threne is obtained by treatment of phenanthrene (CXXIV) with LAH under 
the conditions used in the reduction of CXXI. The product was identified 
as the picrate. Goodman (105) found that an 83% recovery of unchanged 
phenanthrene is obtained, while no reduction product is isolated. 

Goodman (65) reported chat when LAH is warmed with Carbitol, a slow 
evolution of hydrogen commences at 70° and at 90-95° a violent reac¬ 
tion occurs which yields a clear colorless solution possessing the prop¬ 
erty of reducing acenaphthylene (CXXIII) to acenaphthene. The reagent 
solution permits the use of the reducing agent at temperatures up to 200° 
and avoids the vigorous reaction obtained in the hydrolysis of excess 
LAH. Although the Carbitol solution presumably contains an alkoxide, 
it is noteworthy that a solution of LAH in n-butanol or ether does not 
reduce acenaphthylene. 





(15-81) 


CXXIII 


Anthracene (CXXI) is recovered unchanged after being heated for three 
hours at the boiling point of the Carbitol-LAH reagent. Pyrene (CXXV) 
is not reduced by LAH in ether or with the Carbitol-LAH reagent. Naph- 
thacene (CXXVI), pentacene (CXXVII) and perylene (CXXVIII) are equally 
not reduced by the Carbitol-LAH reagent or by solid LAH in boiling 
naphthalene solution (65). 
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Goodman (65) has seated that it is probable that aromatic rings are re¬ 
sistant to attack by LAH and the reduction of anthracene with LAH at a 
temperature above the decomposition point of the hydride is a hetero¬ 
geneous reaction brought about by liberated hydrogen on a catalytic 
surface made available during the decomposition of the reagent. 


15.3 CARBON-CARBON TRIPLE BONDS 

15.3.1 Redactions with Llthlam Aluminum Hydride 

Isolated triple bonds are not reduced with LAH. This permits the re¬ 
duction of other functional groups with retention of the acetylenic group¬ 
ing. Various acetylenic compounds which have been created with LAH 
with retention of isolated triple bonds are summarized in Table XCVI. 

15 -3.1.a Acetylenic Carbinols . Acetylenic carbinols containing an 
allylic hydroxyl group are reduced with LAH to a,jS-unsaturated alcohols. 

I LAH 

RCi iCCOH RCH= *CHCOH (15-82) 

The reduction product generally has the irons configuration. Thus, 
2-butyn-l-ol (CXXIX) is reduced to trons-crotyl alcohol (106). 

CH,C«CCH,OH LAH CH.CH—CHCHjOH (15-83) 

CXXIX 

The presence of conjugated unsaturated groups permits the preparation 
of conjugated olefinic alcohols. 


TABLE XCVI 

Acetylenic Compounds Which Have Been Treated with LAH with Retention of Isolated Triple Bonds 

Compound Product Ref. 

CjHaO 2-Methylhera-3,5-diyn-2-ol 2-Methylhex-3-en-5-yn-2-ol 1 
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^C= =C-Cs 


LAH 


\ c . 

/ C ‘ 


-C—OH —;c= -CH =CH—c—OH 

I (15-84) 

Chanley and Sobotka (107) reported the reduction of an enynol to a 
dienol, wherein the olefinic unsaturation is part of a cyclohexenyl group. 

rCH =CHCHCH, 

(15-85) 



iCCHCH. 

I 

OH 


LAH 

—I 

70% 


cr 


OH 


cxxx 


Catalytic reduction of CXXX with hydrogen over 0.3% palladium-on- 
calcium carbonate in ethyl acetate fails to yield more than traces of 
dienol. Interruption of the catalytic hydrogenation after the absorption 
of one mole of hydrogen gives a mixture of saturated or monounsaturated 
products together with unchanged enynol. Similar results Eire obtained 
with Raney nickel while no reduction is observed with copper-zinc in 
alcohol. 

Raphael and Sondheiraer (108) reported that the LAH reduction of 
CXXXI gives an 82% yield of the frons-allylic alcohol (CXXXH) while 
catalytic hydrogenation over palladium-on-calcium carbonate gives an 
87% yield of the czs-CXXXII. 


OH 


OH 


C'" c '0 CT" “O 


(15-86) 


CH,N(CH,), 

CXXXI 


CH,N(CH,), 

CXXXI! 


The reduction of the substituted jS-ionol (CXXXIII) with LAH yields 
B8% of the 4,5-trans isomer of CXXXIV, while catalytic hydrogenation 
over Raney nickel yields 44% of the 4,5-cis isomer (109). 



CH, 


C—CH— CCHjCHjOCH, 


CXXXIII 



CH, 


CXXXIV 



15.3 


CARBON-CARBON TRIPLE BONDS 


971 


Jones, Whiting, nnd Bates have carried out an extensive study of the 
LAH reduction of acetylenic compounds (110). The non-reduction of iso¬ 
lated triple bonds and the reduction of acetylenic carbinols has resulted 
in the preparation of polyacetylenic alcohols: 

(OUQC—C^CfCH.), 


OH 

CXXXV 


OH 


(CHjJjC—CH- s CH(C mm C) n-1 CH = =CH—CfCH,), 

OH OH 

2.3,4 


(15-88) 


In all reported cases, wieh two exceptions, the reduction of compounds 
containing a hydroxyl group allylic to the triple bond results in the for¬ 
mation of olefinic alcohols. 

The LAH reduction of l,4-diphenyl-2-butyn-l,4-diol (CXXXVI) in ether 
is reported to yield trdrzs-fra7Z5-l,4-diphenylbutadiene (110). 

C,H i CHC™CCHC,H i C,H i CH=CH—CH=CHC,H, (15-89) 

OH OH 
CXXXVI 


The intermediate l,4-diphenyl-2-buten-l,4-diol apparently undergoes de¬ 
hydration and rearrangement to yield the diphenylbutadiene. 

Attenburrow et al. (23) have reported that although compounds contain¬ 
ing the grouping CXXXVII are readily reduced to the corresponding con- 



(15-90) 


jugated olefinic carbinols total hydrogenation and ultraviolet spectro- 
scopy indicates that in the alcohol CXXXVffl, containing the grouping 
—CmC—C(CH,)CH—CH—, the double bond is preferentially re- 

OH 

d «ced with LAH. 
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CH, 

CH,\ .CH, I 

x C ■■ CCCH =CHCH=CHCH, 

* 

CXXXVIII 


This is surprising in view of the ease of reduction of CXXXIII and other 
compounds in Table XCVII with analogous structures. 

Since a hydroxyl group allylic to the acetylenic linkage appears to be 
necessary for the reduction, a mechanism similar to that proposed by 
Hochstein and Brown (4) for the reduction of cinnamyl alcohol to hydro- 
cinnamyl alcohol, involving a cyclic intermediate (CXXXIX) has been 
proposed (23). 


HC- -C — 



-C-CH 

CXXXIX 


The LAH reduction of various 0l,j3-acetylenic car binds to allylic al¬ 
cohols is summarized in Table XCVII. 

15.3.l.b Acetylenic Acids . The reduction of various acetylenic acids 
with LAH to the corresponding CX,/3-unsaturated carbinols apparently in¬ 
volves an initial reduction of the acid group to the carbinol followed by 
the expected reduction of the acetylenic carbinol. The isolation of 
phenylpropargyl alcohol, as well as cinnamyl alcohol, from the LAH re¬ 
duction of phenylpropiolic acid (CXL) (111-113) points to the probable 
correctness of this postulation. 

f Al l 

C,H,C as CCOOH C,H,C»CCH,OH + C,H,CH= =CHCH,OH 

CXL (15-9D 

The reduction of the methyl ester of phenylpropiolic acid with 0.5 mole 
of LAH in ether at -70° yields 90% of phenylpropargyl alcohol, while 
with 1.0 mole of LAH in ether at 20° a 75% yield of cinnamyl alcohol is 
obtained (110). 

The LAH reduction of propiolic acid (CXLI) (112-114) cyclohexyl- 
propiolic acid (CXLII) (112,113) and acetylenedicarboxylic acid (CXLIII) 



TABLE XCVII 

L AH Reduction of a, /3 -Acetylenic Carbinols to ot./fl-Olefittic Carbinola 
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(114) is reported to yield the corresponding allylic alcohol without iso¬ 
lation of any acetylenic carbinol. 


HC h CCOOH 

JC i CCOOH 

C —COOH 


c X 

III 

C—COOH 

CXLI 

CXLU 

cxLin 


15.3-1-c Acetylenic Carbonyl Derivatives. The reduction of phenyl- 
propargyl aldehyde (CXLIV) and its trimer (CXLV) yields cinnamyl al¬ 
cohol (115). 


C ns CC B H B 



C i H g CH=CHCH a OH 


(15-92) 

i CC 6 H b 


Attempts to reduce dibenzoylacetylene with ethereal LAH have been 
reported to yield dark red resinous products which have not been identi¬ 
fied (74). 

15*3.l.d Reduction of Acetylenes to Allenes . The reduction of hex- 
3-en-5-yn-2-oJ (CXLVI) with 0.6 mole of ethereal LAH at 35° yields 
hexa-4,5-dien-2-ol (CXLVD) (110). 
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CH.CHCH =—CH - 

I 

OH 

CXLVI 

An allene has also been reported in the LAH reduction of l-bromo-2- 
heptyne (CXLVIII) and 3-bromo-l-heptyne (CXLIX) (116). 

CH 1 (CH 1 ) 1 C*CCH 1 Br LAH CH 1 (CH 1 ),C*eCCH i + 

CXLVin 

CH.(CH 1 ) 1 CH=C=CH a (15-94) 
CH,(CH,) 1 CHCaCH LAH CH,(CH J ) 1 CH J C=CH + 

Br 

CXT IX 

CH,(CH J ),CH =C =CH, (15-95) 


iCH CH.CHCH.CH = 


=C=CH, (15.93) 


OH 


CXLVII 


15.3. l.e Reduction of Acetylenes to Higher OL-Olefins. Ziegler has 
reported that the reaction of acetylene with LAH yields an addition prod¬ 
uct which can be treated with ethylene to form a trialkenyl lithium alu¬ 
minum hydride. Hydrolysis of the latter yields an a-olefin while heating 
results in the formation of an (X.m-diolefin. This is discussed in Section 

16.3.3. 

15.3.2 Redactions with Magnesian Aluminum Hydride 

Magnesium aluminum hydride apparently does not attack the non-polar 
triple bond since propargylaldehyde (CL) is reduced to propargyl alcohol 
(93,117). 

HCavCCHO M “ (A1H * )l HCsmCCH.OH (15-96) 

CL 
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CHAPTER 16 


MISCELLANEOUS REACTIONS WITH LAH 


In addition co the reactions of LAH involving the reduction of func¬ 
tional groups various miscellaneous reactions have been reported. 


16.1 HYDROGENOLYSIS 

An increasing number of reactions resulting in hydrogenolysis under 
the influence of LAH have appeared in the literature. Examination of the 
reported examples reveals the presence of common structural features. 

Conover and Tarbell (1) showed that an aromatic acid or carbonyl com¬ 
pound containing an amino group ortho or para to the carbon-oxygen group¬ 
ing (I-VI) undergoes hydrogenolysis to a methyl or methylene group, when 
created with excess LAH, usually at elevated temperatures over extended 
reaction periods, 
o 

cx 
NY, 


III X - OH, Y - H p Z - H 

IV X - Z - C.H., Y - H 

V X - Z - C.H^H.Cp). Y (16-2) 

VI X - Z - H, Y - CH, 



H,Z 


oc. 


I X - OH, Y - H, Z - H 

II X - OCH„ Y - H, Z - H (l(rl) 


Under conditions which reduce o- and p-aminobenzoic acids to the cor¬ 
responding toluidines, m-amino ben zoic acid is reduced only to /w-a mi no¬ 
benzyl alcohol. 

Support for the suggestion that the reaction proceeds with rapid forma¬ 
tion of the benzyl alcohol, which then undergoes hydrogenolysis, is found 
in the fact that o-aminobenzyl alcohol (VII), after 6 days at 90° with ex¬ 
cess LAH, is converted to c^coluidine. 



(16-3) 


The mechanism advanced to account for the observed hydrogenolyses 
involves attack on the oxygen of the benzyl alcohol, obtained by the 
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A 

initial reduction of the carbonyl function, by a positive AlHj ion, fol¬ 
lowed by scission of the carbon-oxygen bond. The resonance stabilized 
carbonium ion thus formed can pick up a hydride ion from the LAH. 



OAlH, 


l,A10 • AIH, 


(16-4) 


The LAH reduction of o-acetylbenzanilide (VIII) is reported to yield 
some o-ethyl benzylaniline as well as the expected o-( 1-hydroxy ethyl ^N- 
benzylaniline (2). 




COCH, 


LAH 




NHCOC.H, 

VIII 


OH 

I 

a CHCH, 

NHCHjC.H, 


+ 


a CHjCHj 

NHCH a C a H B 


(16-5) 


The reduction of amides with LAH results in the conversion of the 
amide carbonyl to a methylene group (Section 10.1.1). N-Formyl deriva¬ 
tives are converted to the corresponding N-methyl compounds. Similarly, 
carbamates are reduced to N-methyl derivatives. If I-VI are considered 
as vinylogs of an amide the hydrogenolysis reactions are consistent with 
amide behavior on reduction with LAH. It has been shown that jS-amino 
OC,jS-unsaturated ketones behave chemically more like amides, of which 
they are vinylogs, than like ketones or vinyl amines (3 V 4) and the infrared 
spectra of such compounds indicate a lowering of the carbonyl band (3)- 
The reduction of N-methyl-CX-pyrrolidone or 3-ketooctahydropyrrocoline 
(IX) with one-quarter mole of LAH permits the isolation, as the tautomeric 
aldehyde, of the carbinol amine produced in the first stage of the reduc¬ 
tion (5-8). 




C -CH a CH a CHO 

I (16-6) 

NH 


IX 
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Thus, amide reduction appears to proceed via a carbinol stage. The re- 

„ .. M 

action of a compound containing an —NCO— grouping with LAH re¬ 
sults in a cleavage of the carbon-oxygen bond (Section 12.17) (9). The 
structures undergoing hydrogenolysis are vinylogs of this grouping. 

Trevoy and Brown (10) have postulated that the effective reducing 
agent in LAH reductions is the aluminohydride anion A1H«® while Pad- 
dock (11) has proposed A1H, and . Lavie and Bergmann have proposed 
that the reducing agent is Li® H 6 and that a carbon-lithium bond is 
formed (12). The reduction of amides with LAH would then possibly pro- 
ceed as follows (Section 10.1.La): 


0 0 

O—AlHj 

n 

;/ 


R—C—N 


\ 


e 

O—A1H, 

l 

R—C -N^ 

8 \ 


e 

O —AlH, 

I 

R—C—N(f 
H N 


(16-6) 


OH 

./ L1 ® h G I ■•/ 

R—C—N( -> R—C—N- 




\ 


(16-7) 


Li 



( 16 - 8 ) 

0 

X = AlH, or H 
Y = H or Li 


Extending this scheme to the hydrogenolysis reactions occurring in 
amide vinylogs (13)- 



H | | ../ 

R—C—C=C—N( (16-9) 

V \ 


The forcing reaction conditions as well as the sometimes isolation of 
carbinol in the reported hydrogenolysis reactions indicates the effect of 
vinylogy on reaction (16-8)- 
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These considerations can be applied to reported hydrogenolysis reac¬ 
tions in other than the benzene series. Thus p benz[a]acridin-12(7H)-one 
(X) (14) and 4-keto-l p 2 p 3 v 4-tetrahydroquinoline (XI) (15) are reduced to 
the corresponding oxygen-free compounds with LAH. 

06 

H 

X XI 

In the indole series, spiro-[cyclopentane-l,2'-^r-indoxyl] (XII) yields a 
mixture of the carbinol and methylene compounds (16,17) 



while 2-methyl-2 p 3'-[2'-methylindyl]-i/r-indoxyl (XIII) yields the methylene 
compound and a rearranged product (18). 



H 

XIII 



Dioxindole and 1-methyldioxindole (XIV) are reduced to the correspond¬ 
ing oxindole and indole (19). 






( 16 - 11 ) 


R 

XIV R ■ H or CH, 

2,4-Dimethyl-3-acetylpyrrole (XV) is reduced to 2 p 4-’dimethyl-3*echyl a 
pyrrole and a condensation product, Ot,/3-dipyrrylraethane p postulated as 
arising by condensation of the intermediate carbinol and die oxygen-free 
compound. 
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Similar condensation products are postulated as arising by LAH reduc¬ 
tion of 2-methyl-3-carbethoxypyrrole (XVI) and 2,4-dimethyl-3,5-dicarbeth- 


oxypyrrole (XVII) (20). 




^COOC,H, 

CHj^ 

1—if 

^COOCjH, 

Sr ^ch, 

CjH.OCO^ 

X X 

n 

^CH, 

H 

H 


XVI 


XVII 



In the thiazole series, reduction of 2-amino-4,5-dicarbethoxythiazole 
(XVIH) with 25% excess LAH yields 2-amino-4-hydroxymethyl-5-carbeth- 
oxythiazole (XIX). Treatment of XVIII with 400% excess LAH or of XIX 
with 120% excess LAH yields 2-amino-4-hydroxymethyl-5-methyIthiazole 
(XX) (21). 



NH, 


HOCH,. 


B 

LAH 


XX 


o 

C,H,C NH, 

XIX 


(16-13) 
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C^OOCjHg 

CH, 


CHjOH 




^CH,OH 

irV* 

CH,^ 

N' "CH, 

CH," 

^CH, CH, ^ 



XXIV XXV XXVI 

de Mayo and Rigby have reported chat 2-hydroxypyridine and 2-hydroxy* 
quinoline axe reduced with LAH, in part, to pyridine and quinoline, re¬ 
spectively (24). These products can arise by hydrogenolysis or the re¬ 
action can proceed via the pyridone to the carbinol followed by dehydra¬ 
tion, since normal reduction of the pyridone would yield the 1,2-dihydro 
derivative. 

Thiobenzamide is reduced with LAH to benzylamine (25). Michler's 
rhioketone (XXVII) is reduced to the methane derivative (26). 

S 


II 



action requires the presence of a strongly electron-donating group in the 
ortho or para position. Since in the reduction of carboxylic acids and 
esters the carbonyl group is converted to methylene, application of the 
vinylogy principle should permit hydrogenolysis in the presence of an 
oxygen atom as well as nitrogen. Thus, p,p'-dimethoxybenzophenone 
(XXVIII) is converted to p,p / -dimethoxydiphenylmethane with excess 
LAH at 90° for 11 days (1). 

O 



(16-18) 


Attempt® to apply hydrogenolysis conditions to the reduction of p-hydroxy- 
'benzoic acid, ethyl p-hydioxybenzoate, methyl salicylate and 2,4-di- 
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hydroxy benzaldehyde have been unsuccessful due to the immediate pre¬ 
cipitation of the complex fonned by the reaction between the active 
hydrogen and LAH (1). 

Xanthone (XXIX), 3,4-benzoxanthone, 1,2-benzoxanthone, xanthione 
(XXX), and 3,4-benzoxanth-^thione are reduced to the corresponding 
xanthenes (26). 



XXIX XXX 


Reduction of methyl /3-(2-methoxy-4-propylphenoxy)-3,4-dimethoxycinna- 
mate (XXXI) yields dimechoxycinnamyl alcohol and dihydroeugenol as 
well as the expected carbinol (27). 




The electron pair on sulfur results in its participation in similar hydro* 
genolysis reactions. jS-Hydroxythiophen (XXXII) is reduced with LAH to 
chiopheno-2': 3': 3:2-thiophen (XXXIII) (28). 



XXXTI 


xxxm 
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Thioxanthone (XXXIV) and thioxanthione (XXXV) undergo similar reduc™ 
cions (26). 




Atcempcs to prepare die 2,5-dimerhyl compound by the LAH reduction 
of die carbomedioxy group in XXXVI are reported to yield the furfuryl 
alcohol (XXXVII) (29). 


O 

II 

CH,OC 



SO,NH, 


CH, 


LAH 


/SO a NH a 


HOCH a 




(16-21) 


'CH, 


XXXVI XXXVII 

Bergmann and his co-workers have shown that LAH will reduce die 
polar double bonds in the fulvenes (30-32). If the negative end of the 
dipole in such polar bonds is considered as a potential source of elec¬ 
trons, various reported hydrogenolysis reactions fall within the scope of 
the present discussion. 

Bergmann et cd. reported that LAH reduction of 2,3,4,3-tetraphenyl- 
cyclopentadienone (XXXVIII) gives the saturated ketone whose identity 
was based on the infrared absorption spectrum of the compound (33). A 
reconsideration of the spectrum has resulted in identification of the com¬ 
pound as the unsaturated ketone (XXXIX) (34). Sonntag, Linder, Becker, 
and Spoerri have reported that normal addition of LAH yields the un¬ 
saturated ketone (XXXIX) and the oxygen-free hydrogenolysis product 
(XL) while reverse addition yields the carbinol (XLI) (33). 




(16-22) 

XL 


(16-23) 


XLI 
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The reduction of 2,3-diphenylindone (XLII) similarly yields the un- 
saturated ketone (XLIII) and the hydrogenolysis product (33). 



C.H. 

.H, 


O 

XLII 



XLIII 



Bergmann et al. (33) have shown that the chemical behavior of the 
fulvenic ketones is different than chat of the normal OL ,^-unsaturated 
ketone. From chemical behavior and infrared measurements it has been 
postulated chat the fulvenic ketones do not contain an ionic carbonyl 
group but a true double bond which causes a polarization of the conju¬ 
gated double bond. Sonntag, Linder, Becker, and Spoerri (33) have indi¬ 
cated that the cyclic mechanism proposed for the 1,4-addition of LAH to 
open-chain 0t,j3-uns a curated ketones (36) is untenable in the reaction of 
tecracyclone (XXXVIII). It would therefore appear that a direct attack on 
the double bond resulting from its polarization may be responsible for 
the formation of XXXIX and XLIII. 

In the reaction of the fulvenic ketones with organolithium compounds 
the product arises by a 1,4-addition indicating that the carbon adjacent 
to the carbonyl group is the negative end of the dipole (33). The forma¬ 
tion of hydrogenolysis products in the LAH reduction of XXXVIII and 
XLII would therefore proceed according to reaction (16-8) with the polar¬ 
ized double bond acting as the electron donor. The isolation of XL1 
under "mild’ 1 conditions, i.e. v inverse addition, is in accordance with 
this postulation. The formation of hydrogenolysis products without forcing 
conditions is indicative of the operation of a reaction analogous to (16-8) 
rather than to (16-9). 

Hochstein reported that LAH reduction of perinaphthenone (XLIV) 
gives perinaphthene (XLV) (37). Boekelheide and Larrabee reported that 
perinaphchanone-7 (XLVI) is formed in addition to XLV (38). 



Although XLVI may be postulated as arising by a 1,4-addition! the report 
(38) that perinaphthene resembles fluorene, indene and cyclopentadiene 
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io many respects may be indicative of the operation of the mechanism 
proposed here. In this regard, it is of interest that a hydrogenolysis 
product is reported among those resulting from the LAH reduction of 
fluorenone (XLVII) (33). 



XL VII 

-4-1 (16-26) 



Hydrogenolysis also occurs in the LAH reduction of benzhydrylidene 
anchrone (XLVIII) (39). 




(16-27) 


Various ocher reactions have been reported that involve electron- 
donating groups and which might be classified as hydrogenolysis reac¬ 
tions except that the reduction of double bonds is Involved. Thus, the 
LAH reduction of 1-methylindole (XLIX) and 1,3-dime thy lindole yields 
25-30% of the corresponding indoline, although indole itself is not re¬ 
duced with LAH (19). 
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R = H or CH, 

The reduction of benzochiophene-l-diozide (L) yields up to 79% of 2,3- 
dihydrobenzothiophene although benzochiophene itself is not reduced 
(40). 



The treatment of 2-methyltetrahydrobenzoxazole (LI) with LAH results in 
reduction of the carbon-carbon and carbon-nitrogen double bonds as well 

II 

as cleavage of the —NCO— grouping (41). 



(16-30) 


Several hydrogenolyses reactions have been reported which do not ap¬ 
pear to be classifiable at present. The LAH reduction of p-tolyl acetonyl 
sulfone (LII) yields p -tolyl n-propyl sulfone (42). 


O 



LII (16-31) 

The reduction of the nitrodisulfone (LIU) yields a little disulfone (LIV) 
and ammonia (43). 

CH.SOjCHSOjCH, LAH CHjSOjCHjSOjCH, (16-32) 

NO, 


LID 


LIV 
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A deamination is also observed in the treatment of bis-(l,4-naphthalene- 
dibenzenesulfonamido-2)nitromethane (LV) with LAH (44). 




C t H,SO,NH 



(16-33) 


Treatment of the stable iminochloride (LVI), formed from the Hoesch re¬ 
action of acrylonitrile and 4,6-diechylresorcinol, with excess LAH yields 
70% of an oxygen-free primary amine, formulated as LVII, 20% of a neutral 
substance formulated as LVIII and an alkali soluble, nitrogen-free com¬ 
pound for which no structure has been devised (45). 



LAH 



(16-34) 


On further treatment with LAH, LVIH is converted to LVII. 
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16.2 OXIDATION 


The Oppenauer method employing aluminum alkoxides for die oxidation 
of alcohols to ketones, with aldehydes and ketones as hydrogen ac¬ 
ceptors, has been widely used since its initial appearance (46). Ott and 
Murray have recently patented an analogous procedure utilizing lithium 
aluminum complexes such as the alcoholates (47). 

The lithium aluminum complex is formed by the reaction of LAH with 
an aldehyde, ketone, thioketone, alcohol, thioalcohol, thiophenol, phenol, 
ester, acid chloride, acid anhydride, primary amine, or secondary amine 
to yield LiAlY where Y = (OR) 4 , (SR) 4 , (NR a ) 4f and (=NR) a . The hy¬ 
drogen acceptor may be an aldehyde or ketone from the aliphatic, ali- 
cyclic or aromatic series and is used in twice the theoretical amount, 
e.g., two moles of carbonyl compound for each hydroxyl group. 

The oxidation is carried out in an inert diluent or solvent such as an 
excess of the aldehyde or ketone used to prepare the LAH alcoholate or 
a hydrocarbon such as benzene, toluene, xylene or cyclohexane. The re¬ 
action is conducted at the reflux temperature of the mixture, 40-150° C. F 
for a period of 10 to 80 hours. The LAH complex may be isolated by re¬ 
moval of the ether utilized in its preparation and then suspended in the 
hydrocarbon or the latter may be added to the ethereal solution of the 
complex and the ether distilled. After completion of the oxidation reac¬ 
tion, the mixture is acidified and steam distilled to remove the excess 
hydrogen acceptor, and the desired ketone reaction product is isolated 
by extraction. 

Ott and Murray have applied this oxidation procedure to the conversion 
of steroid alcohols to the corresponding ketones (Table XCVIII). 

It is of interest to note that oxidation of a /3,y-unsaturated steroid 
alcohol, as in a A B -3-hydroxy compound, results in a shift of the double 
bond to a conjugated system such as the A 4 -3-keto derivative. Thus, 
oxidation of 5-pregnene-3j8-ol-20-one (LIX) yields the A 4 -3-one, proges¬ 
terone (LX). 



16.3 OLEFIN POLYMERIZATION 

Although the carbon-carbon double bond is generally not attacked by 
LAH (Section 15.1.1), Ziegler has recently reported that a-olefins, in* 
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eluding ethylene, can De reduced to the corresponding paraffin hydro¬ 
carbons by LAH, aluminum hydride and aluminum triallcyls. At high tem¬ 
peratures the aluminum trialkyls catalytically convert ethylene and other 
olefins into higher paraffins and olefins by polymerization (48-30). 

16.3.1 Synthesis of Aluminum Alkyls and Hydrides 

LAH and ethylene undergo an addition reaction at a little above 100° 
(48) or at 30° under 3-10 atmospheres pressure (30) to give stepwise 
ethylated lithium aluminum hydrides. 



R 


IT 


c 2 h. 

H 

Li 


Al 


—*• Li 

Al 



H 


H 


a 

H 


LiAKQlU 

( 16 - 36 ) 


All CX-olefins behave in a similar manner. Thus, propylene and 1-hexene 
yield lithium aluminum tetrapropyl and lithium aluminum tetrahexyl, re¬ 
spectively. However, the reaction with isobutylene and cyclopentene 
stops after the addition of three molecules of olefin. 

These additions take place even more readily with aluminum hydride 
chan with LAH. Since the former cannot be completely freed of ether the 
products of such additions are mixtures of both ethei»free aluminum 
alkyls and their etherates. Ether-free products can be obtained by treat¬ 
ing the lithium tetraalkyls with aluminum chloride to yield the correspond¬ 
ing aluminum trialkyls. 

3 LiAlR 4 + AlCl, -> 3 LiCl + 4 AIR, (16-37) 

The addition of aluminum hydride to a terminal olefinic double bond 
proceeds according to Markownikoff’s law. 


CH,CH=CH a + al—H -► CH 9 CH t CH 2 — al (16-38) 

al - V, A1H, 

The addition to a non-terminal double bond proceeds so slowly that all 
the aluminum hydride decomposes more rapidly into aluminum and hydro¬ 
gen than it adds to the double bond. The rate of addition to propylene to 
produce aluminum n-propyl proceeds one hundred times more rapidly than 
the addition to yield aluminum sec-propyl, i.e., there are one hundred 
primary propyl groups formed for each secondary propyl group (48). 

An interesting application of the addition of the hydride to a terminal 
double bond involves isobutylene. While the addition of hydrogen bromide 
to isobutylene gives terf-butyl bromide, exclusively in the absence of 
peroxides and to a considerable extent even in the presence of peroxides, 
iso-butyl bromide can be obtained by the route: 
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(CH,)bC= 3 “CH l + al—H -*■ (CH.^CHCH, — al 

(CH.J.CHCHjBr + alBr (16-39) 

The stepwise addition of ethylene to aluminum hydride yields first 
ethyl aluminum dihydride, CjH.AlH,, and diethyl aluminum hydride, 
(C,H,),A1H. However, these can also be produced by reaction of the 
chloro compounds with lithium or sodium hydride: 

C a H f AlCl a + 2 LiH C a H.AIH a + 2 LiCl (16-40) 

(CaHi^AlCl + LiH (C a H.) a AlH + LiCl (16-41) 

The aluminum alkyl chlorides can be prepared from aluminum and ethyl 
chloride 

2 Al + 3 C a H g Cl -► C a H,AlCl a + (CgH^AlCl (16-42) 
or from aluminum criethyl and aluminum chloride 

(C a H B ),Al + 2 AlCl a -> 3 C a H 1 AlCl a (16-43) 

2(C a H B ),Al + A1C1, 3 (C a Hi) a AlCl (16-44) 

The aluminum triethyl can be prepared by a number of methods: 

1. the reaction of the aluminum-magnesium alloy with ethyl chloride 9 

Al a Mg a + 6 QH.Cl -> 2 (CjH.XAl + 3 MgCl a (16-45) 

2. an indirect route involving the conversion of two moles of aluminum 
triethyl to three moles f 

2 (C 2 H,),A1 + Aid, -* 3 (C,H,)jA1C1 (16-46) 

3 (C,H I ) I A1C1 + 3 NaH -*■ 3 (CjH^AlH + 3 NaCl (16-47) 

3 (C 1 H t ) 1 AlH + 3 CH, =CH, -* 3 (C,H,),A1 (16-48) 

Ala, + 3 NaH + 3 QH, -*■ (C,H,),A1 + 3 NaQ (16-49) 

3. an indirect route starting with "ethyl aluminum sesquichloride" in¬ 
volving the conversion of one mole of aluminum [riethyl to three moles, 

3 C,H,C1 + 2 Al -*■ (C,H,),Aia + C,H,Aia, ( 16 - 50 ) 

(C,H,),A1 + (C,H,) a Aia + C,H,Aia, -*• 3 (C,H,),Aia (16-51) 

3 (CjH.^AlQ + 3 NaH + 3 qH,==CH, -*• 3 (C,H,),A1 + 3 NaO 

(16-52) 


3 C,H,Q + 2 Al + 3 NaH + 3 C*Hi -*■ 2 (C,H f ),Al + 3 NaO (16-53) 
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4. the reaction of ethylene with aluminum hydride at 60-00 ° p 

A1H, + 3 CH a =CH 2 -► (C 3 H b )|A1 (16-54) 

5. directly from aluminum powder, ethylene and hydrogen (50a,50b). 

A1 + 3 CHj = CH a + 1.5 H a -♦ (C.H^Al (l6-54a) 

The reaction indicated in equation (l6-54a), wherein aluminum hydride 
is probably an intermediate, can be utilized for the preparation of other 
aluminum alkyls by the substitution of the appropriate olefin. The olefins 
can be arranged in decreasing ease of reactivity with aluminum and hy¬ 
drogen: isobutylene, propylene, ethylene, 3-methyl-l-butene, 1-butene, 
higher olefins. Aluminum triisobutyl, derived from the most reactive 
olefin, is prepared at 120° and at a pressure of 200 atmospheres, using 
very finely divided aluminum, preferably in a ball mill in the absence of 
oxygen and warer (50a). 

Aluminum triisobutyl can be used for the preparation of other aluminum 
alkyls. Disproportionation occurs in the presence of hydrogen (50a): 

[(CH 1 ) I CHCH 1 ],A1 + 3 H, + 6 CH a = CH a —> 

2 (QH^Al + 3 (CH l ) a C = CH I (l6-54b) 

Displacement of the isobutyl group occurs at 120° even in the absence 
of hydrogen (equation 16-62). 

Diethyl aluminum hydride, produced according to equation (16-41), is a 
colorless, distillable liquid very similar in appearance to aluminum tri¬ 
ethyl and much more stable than aluminum hydride. By mixing diethyl 
aluminum hydride with an olefin in a so-called "contractometer 1 ’ the ad¬ 
dition velocity of the reaction can be kinetically followed (51). For 
terminal olefins the half-life period in the presence of excess olefin at 
64° is 10 minutes. For non-terminal olefins it is 100 times greater. By 
means of diethyl aluminum hydride the following mixed aluminum tri¬ 
alkyls have been prepared (48): 

CH, CH, 

[ 

(CjHi^Al —CH a CHC i H y (CjHs^Al —CHC,H* 


(C a H B ) a Al 

Aluminum triethyl forms a complex with sodium fluoride, NaF - 2Al(C,H,),i 
which is capable of conducting the electric current and permits the prep¬ 
aration of tetraethyl lead according to the equation; 

2 NaF • 2A1(C,H,), + 3 Pb -> 2 NaF + 3 Pb(C i H I ) # + 4 A1 (l6-54e) 
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Using a cathode of any metal and an anode of lead, aluminum separates 
out at the cathode while quantitative formation of tetraethyl lead occurs 
at the anode. The tetraethyl lead does not mix with the electrolyte and 
separates out as a heavy lower layer underneath the electrolyte. Alumi¬ 
num at the cathode is retransformed by ethylene and hydrogen into alumi¬ 
num triethyl (equation l6-54a) and this adds again to the electrolyte: 

1 1/3 AKCaH,), + Pb —> Pb(C 1 H l ) 4 + 1/3 A1 (l6-54d) 

1 1/3 Al + 4 CH a = CH a + 2 H, —► 1 1/3 Al^H,), (l6~54e) 


4 CH 1 = CH a + 2H a + Pb —> PfcKQH.), (l6-54f) 

Starting with ordinary aluminum, one can obtain extremely pure aluminum 
by this process (30a,30b). Pure aluminum can also be obtained by de¬ 
composing aluminum criisobutyl at 230°, into aluminum, hydrogen and 
isobutylene (30a). 

16.3.2 Synthesis of Paraffins 

The addition products from aluminum hydride or LAH and olefins, on 
hydrolysis, give the corresponding paraffins. Thus, the (X-olefins can 
be reduced to the saturated hydrocarbons, and the selective reduction of 
OC-olefins in mixtures with ocher olefins can be carried out. Selective 
partial reductions, according to Markownikoff's rule, have been carried 
out as follows (48): 

CH =CH a 


LXI 


LXII 


C(CH I ) a 

LXIII 

As discussed in Section 16.3.1, aluminum uiethyl can be prepared in a 
number of ways including the reaction of ethylene with aluminum hydride 





HjCH, 


(16-55) 




(16-56) 


H 




CH(CH,) a (16-57) 
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at 60-80° (equation 16*54). At temperatures of about 100-120° the al—C 
bond reacts with further ethylene. 


Al— CA 
C a H, 


C,H, 


^CHjC^QH, 
Al- -CjH a 

CjH, 


_®« H « 


^CHjCHjCjH, 

Al— CH.CHjC.H, CjH ‘ 

CjH, 


CHjCHjCjH, 

a(—CH.CHjCjH, etc. (16-58) 

CHjCHjCjH, 


Actually the reaction does not proceed as smoothly as formulated in 
equation (1<>58). The structure of the reaction products is governed by 
statistical laws. The conversion of the butyl groups to hexyl groups be¬ 
gins to take place even before all the ethyl groups have been converted 
to butyl groups, and octyl groups are formed before all the hexyl groups 
are formed, etc. Therefore, the end groups are mixtures of aluminum tri¬ 
alkyls of the general formula LXIV: 


C a H. 

Al—(C 2 H 4 )n—C 2 H 9 

(CaH|) 0 CjH. 
LXIV 


where m + n + o equals the number of moles of ethylene consumed per 
mole of aluminum triethyl and m, rz, and o vary statistically about the 
mean value (m + n + o)/3. 

The decomposition of LXIV with water gives saturated hydrocarbons. 

LXIV Hj °- HCCjHJo, —C a H. + H(C,H,)„—C 2 H, + 

H(C*H4).— C*H. (16-59) 

This represents a convenient synthesis of paraffins of even-numbered 
carbon chains which can be separated by distillation. Odd-numbered 
carbon chain paraffins can be produced starting from aluminum trimethyl 
or aluminum tripropyl. The use of large quantities of ethylene in con¬ 
trolled amounts yields a whole series of aliphatic hydrocarbons ranging 
from soft to hard paraffins all the way up to products with molecular 
weights of approximately 5,000, representative of low molecular weight 
"polyethylene.” 

LAH has also been utilized in the synthesis of paraffins from ethylene 
(50). The triethyl lithium aluminum hydride can be prepared at 50° at 
5-10 atmospheres pressure. 

LiAlH, + 3 CHj “CHj —► HLiAl(CHjCH,), (16-60) 
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Ac 80-100° and 13 atmospheres pressure further reaction occurs 
HLiAKCHaCH,), + n CH, =CH, -*• HLiAl[CH J CH 1 (CH 1 )„CH,] 1 (16-61) 

n - 15 to 20 

Hydrolysis of die trialkyl lithium aluminum hydride yields the correspond* 
ing paraffin CH,CH,(CH, )„CH,. 

In contrast to the addition of ethylene to aluminum triethyl (equation 
16-58), aluminum triisobutyl does not add ethylene (48). Instead, at 
120° isobutylene is displaced by ethylene 

(CH,),CHCH,—al + CH a =CH a -*• (CHJ.C^CH, + CH.CH,—al 

( 16 - 62 ) 

indicating that ethylene has a greater affinity for al—H than isobutylene. 

The reaction of aluminum cripropyl with an equivalent amount of 1- 
dodecene gives a reaction product, after hydrolysis, containing a fairly 
large amount of 2-propyldodecane 

CH,(CH a ),CH =CH 2 + C.H,—al -» CH,(CH 2 ),CHCH a —al 

CjH, 

LXV 

CH^CHjX.CHCH, (16-63) 
C,H, 

However, the formation of LXV in the presence of 1-dodecene results in 
secondary reactions: 

CHjfCHjljCHCHj —al CH,(CH 2 ),C =CH, 

C.H, c,h 7 


+ -► + (16-64) 

CH,(CH a ),CH=CH 2 CH a (CH a ), c CH a —al 

CH i (CH a ) a .CH a —al CH,(CH a ) 10 CHj 

+ CH,(CHj ),CHCHj—al (16-65) 

CH a (CH a ) a CH =CH a 

Further, dimeric dodecene is formed by loss of al H, as discussed in 
Section 16.3.3. Hydrolysis of the reaction mixture therefore yields a 
mixture of 2-propyldodecane, 2 -propyldodecene, 2-dodecyldodecane, and 
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2-dodecyldodecene. Hydrogenation of the hydrocarbon mixture yields 
2-propyldodecane and 2-dodecyldodecane which can be separated by 
distillation. 

Polyethylene having a molecular weight between 200,000 and 500,000, 
a melting point between 130° and 140 °, and a density between 0.94 and 
0.95 has been prepared by the low pressure polymerization of ethylene 
using various types of metal halides complexed with metal alkyls in the 
temperature range from 30° to 150° with pressures up to 30 atmospheres 
(51a). 

Using a suspension of a complex prepared from aluminum triethyl and 
titanium tetrachloride in heptane or cyclohexane results in the rapid 
formation of polymer which is deposited as a white cheesy suspension. 
Vigorous stirring separates the polymer from the suspended catalyst 
particles. The ease of separation of the polymer from the catalyst de¬ 
pends upon how finely the catalyst is suspended, the nature of the com¬ 
plex, the rapidity and temperature of polymer formation and the nature of 
the stirring (51b). 

The product of the low pressure polymerization process is a mixture of 
strictly linear polymer and more or less branched polymer. Natta ( 51 c) 
has utilized the aluminum alkyl-metal halide complex in the preparation 
of polymers from propylene, 1-butene, 5-methyl-1-hexene and styrene. 
These polymers show an exceptional tendency to crystallize, and have 
low solubilities, outstanding tensile strengths and unusually high melt¬ 
ing points, i.e., 160°, 135°, 125°, and 230°, respectively. Natta has 
proposed the name "isotactic" polymers and has postulated that in these 
materials the asymmetric carbon atoms and their substituents are ar¬ 
ranged with a particularly high degree of regularity, i.e., block-meso- 
polymers. 

The yield of "isotactic" polymer is only between 40-50% of the total 
polymer and separation is accomplished by fractionation based on the 
differing solubilities of "isotactic" and normal polymer. The polymeri¬ 
zation apparently involves the formation of the long chain molecules on a 
solid surface, on which monomer is adsorbed. The resulting macromole¬ 
cules are freed by a chain transfer step and then desorbed. 

16.3.3 Synthesis of Olefins 

Although the reaction of aluminum alkyls with large amounts of ethylene 
at 100-120° yields higher paraffins and ethylene waxes (equation 16-58), 
when this reaction is carried out at temperatures of about 200° a catalytic 
reaction occurs to yield higher Ot-olefins (48). 

At 200° aluminum alkyls decompose into olefins and alkyl aluminum 
hydrides and with ethylene the latter immediately gives further aluminum 
trialkyl which starts a new cycle. Thus, aluminum triethyl acts as a 
catalyst in the conversion of ethylene into higher Ol-olefins. 
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<~i n B — ai + n <-*1,=^ —> C a H,—(CjHJ — al (16-66) 

C a H M —(CaHJn—al -► C a H,— (C t H 4 ) n - 1 CH =CH a + al—H 

-1 (16-67) 

al—H + CH a =CH a -► C 2 H,—al (16-68) 

It is possible that, as in equation (16-62), the reaction involves the dis¬ 
placement of the Ot-olefins from the aluminum alkyls by excess ethylene. 

The average molecular weight of the resultant olefins is dependent 
upon the catalyst: ethylene ratio, ethylene pressure, and reaction time. 
The reaction conditions also influence the nature of the reaction prod¬ 
ucts. In addition to linear Ot-olefins ocher products are formed. The 
double bond in the 0(-olefin is not completely fixed under the reaction 
conditions and migration occurs from the terminal position to the interioi 
of the molecule. The final reaction products from ethylene and aluminum 
alkyls at 200° and at sufficiently long contact times are branched olefins 
such as 

H(C 2 H 4 ) n \ 

;c=ch 2 

H(C 2 H 4 \ / 

LXVI 

along with linear olefins with non-terminal double bonds. Under ap¬ 
propriate reaction conditions primarily linear Ot-olefins are formed. Since 
the time of reaction is important for this type of ethylene polymerization 
a continuous process works better than batchwise polymerization in an 
autoclave. The use of the less reactive etherates of the aluminum alkyls 
favors CX- olefin formation. 

In order to convert ethylene to its dimer, I-butene, with very little 
1-hexene and 1-octene, the ethylene is passed through aluminum triethyl 
at 180°-200° at normal or slightly elevated pressures. 

Analogous to the aluminum alkyl reaction, the trialkyl lithium aluminum 
hydride (equation '1(^61) is decomposed at 180°-200° to yield LAH and 
the Ot-monoolefin, accompanied by some non-terminal olefin (50). 

HLiAl[CH a CH a (CH a ) n CH 1 ] 8 LiAlH, + 3 CH a =CH(CH a ) n eH| 

(16-69) 

In contrast to the conversion of ethylene to higher olefins, propylene, 
l - butene, and other Ot-olefins are converted to dimers. Treatment of 
propylene with 1% of its weight of any aluminum alkyl in an autoclave at 
200° results in a pressure rise to 100 atmospheres and the formation of 
the dimer 2-methyl-1-pentene. 

CH a CH a CH a 

2CH,CH=CH 2 -» -I (16-70) 

CH,C=CH, 
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Regardless of the nature of the original aluminum alkyl it ends up as 
aluminum tripropyl and small quantities of the hydrocarbon CH,C=CHj 

R 

are mixed in with the dimeric propene. The reaction mechanism is postu¬ 
lated as proceeding through the following steps: 

CH,CH=CH, + R—al —► CH.CHCH,—al (16-71) 

R 

This aluminum isobutyl type compound undergoes a displacement reaction: 
CH,CH=CH, + CHjCHCH,—al —*■ CH,CH,CH,—al + CH,C=CH, 

R R 

(16-72) 

The cycle is then renewed with the aluminum tripropyl: 

CH,CH,CH, 

CH,CH =CH, + CH.CHjCH,—al I (16-73) 

CHjCHCH,—al 


CH,CHjCHj 

CH,CH=CH, + | 

CHjCHCH,—al 


CH,CH,CH,—al + 


CH,CH,CH, 

CH,C =CH, 


(16-74) 


In ail the higher a-olefins, from 1-butene and 1-pentene on up, the re¬ 
action is fundamentally the same: 

RCH a CH a 

2 RCH=CH a | (16*73) 

RC=CH, 

Distillation of the dimers or of their hydrogenation products repeals that 
straight chain hydrocarbons corresponding to the reactions 

CH,CH=CH, + CH,CH,CH,—al -*• CH.C HCH,CH,CH 2 CH, 

il (16-76) 

RCH=CH, + CH,CH,CH,CH, —al -*■ RCHCH,CH,CH,CH,CH, 

Jl (16-77) 
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are formed in only 1*5% of tbe total products. Further, migration of the 
double bond in the branched chain principal products takes place to a 
very minor extent (52). 

The reaction of LAH with propylene and 1-butene also yields the 
dimers (50). 

The formation of (X-olefin dimers also occurs with olefins containing 
non-terminal double bonds such as 2-butene, 2-pentene, and 3*heptene. 
These reactions go considerably slower than in the case of the (X-olefins 
since they result from systems in which, in equilibrium, the ot-olefin con¬ 
centration is low (48). The dimers from 1-pentene and 2-pentene have 
been shown to be identical (52), indicating that dimer formation in the 
latter case arises from 1-pentene formed by migration of the double bond 
in 2-pentene. 

CH s CH a CH =CHCH b ^ CH.CHjCHjCHCHg CH s CH a CH 1 CB=CH 1 


al 


(16-78) 


If the chain length in the non-terminal olefin exceeds twelve carbons the 
OC-olefin content in the equilibrium, due to the number of possible iso¬ 
mers, becomes so small that dimerization is no longer possible to any 
extent. This limit does not hold for CX-olefins since a-dodecene and its 
homologues are capable of dimerization (48). By means of an apparatus 
suitable for continuous dimerization, the mixed dimerization of different 
olefins can be carried out to yield a whole series of hydrocarbons of 
definite structure. Thus, propylene and 1-butene yield two mixed dimers 

(48). 




CH. CH, 


\ 

i 

S/ 

c 

H, 

LXVII 


CH, 

CH, 


(16-79) 


CH, 

II 

HC\ 

H,C CH, 

II I 

HC. CH, 
CH, 


CH, 

II 

A 

H,C CH, 


H,C^ 


CH, 


CH, 


(16-80) 


LXVHI 
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The dimers and mixed dimers prepared by these techniques can be con¬ 
verted into aromatic hydrocarbons by passage over chromium oxide cata¬ 
lysts at 40(^500° (48,50,53)- The mixed dimers from propylene and 1- 


butene, LXVU and LXVIII, 

both give toluene. 

The 1-butene dimer, 2- 

ethyl- 1-hexene, gives 55% p-xylene, 26% o-xylene, and 19% ethylbenzene. 



CH, 

CH, 

II 

/S 

H a C CH, 

1 1 

CH, 

A / CHj 

H a C CH a 

-n- 

A 

H,C CH, 

1 

1 1 

H,C^ CH, 

CH, 

H a C^ ^CH 3 

c 

H,C^ ^CH, 

C 

1 

H a 

H, 

CH, 

1 

1 

* 

1 (16-81) 

CH, 

ch 3 

1 

ch 2 ch 3 

A 

rV" 

A 

V 

kJ 

u 

i 

CH, 




Since there is no m-xylene present in the reaction mixture and the p m 
xylene content is high, separation of the components of the mixture is 
relatively simple. A combination of cooling to low temperatures and 
distillation is sufficient for the separation (53). Since 1-butene is pre¬ 
pared from ethylene, p-xylene can be prepared from ethylene in three 
steps. 

01-Olefins have been prepared using acetylene in the first step (50): 

LiAlH« + 3HC*CH -*• HLiAl(CH=CH a ), (16-82) 

Treatment of the trivinyl lithium aluminum hydride with ethylene, as in 
equation (16-61), yields the trialkenyl lithium aluminum hydride: 

HLiAl(CH=CH a ), + xCH a =CH a -> HLiAl[CH,CH,(CH,) n CH =CH,], 

(16-83) 

While hydrolysis yields the Ol-olefin, on heating the Gt,a>-diolefin is formed. 
HLiAl[CHjCH a (CH a ) n CH = s CH a ] ) -* 

LiAlH. + 3 CH a =CH(CH a )„CH=—CH, 
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16.3.4 Syutbesis of Alcohols 

The reaction of aluminum alkyls with oxygen results in the formation 
of aluminum alkoxides which can be hydrolyzed to primary alcohols (50a). 

AIR, + 1.5 O, Al(OR), 3 ROH (16-85) 

This reaction has been applied to the alkyls derived from isobutylene, 
a-methylstyrene, camphene, limonene and /S-pinene. 

Long chain primary fatty alcohols are prepared by the addition of oxy- 
gen to the aluminum alkyls obtained by the reaction of aluminum triethyl 
and ethylene (equation 16-38). Hydrolysis of the intermediate alkoxide 
yields the primary fatty alcohol. 

CHjCH, — al + n-J CH a = CH a -> H —(CH,CH a ) n — al 

| ( 16 - 86 ) 

H—(CH.CH,),,—OH «— H—(CH,CH,) n —O—al 

Small quantities of nickel(II) chloride control the polymerization so that 
C l0 , C lfl and C I4 chains predominate (30a). The cracking of paraffins 
such as those obtained by the Fischer-Tropsch process results in the 
formation of 01-olefins which can be converted to aluminum alkyls, treated 
with oxygen and hydrolyzed to yield long chain primary fatty alcohols (30a). 
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CHAPTER 17 


EXPERIMENTAL CONDITIONS FOR COMPLEX 
METAL HYDRIDE REACTIONS 


The experimental conditions for effecting complex metal hydride re* 
actions are determined by the desired reaction temperature, the solu¬ 
bilities of the hydride, the compound to be reduced and the intermediate 
complexes, as well as by the moisture-sensitivity of the hydride. The 
latter factor is more important in the reactions of LAH, aluminum hy¬ 
dride, magnesium aluminum hydride and lithium borohydride than in re¬ 
actions involving sodium and potassium borohydrides and sodium 
trim ethoxy borohydride. 

17.1 REDUCTIONS WITH LITHIUM ALUMINUM HYDRIDE, 
ALUMINUM HYDRIDE AND MAGNESIUM 
ALUMINUM HYDRIDE 

17.1.1 General 

Reductions with LAH and aluminum hydride are effected by techniques 
similar to those involved in Grignard reactions. The reactions are gen¬ 
erally carried out in a flask equipped with a stirrer driven by an explosion- 
proof or air-driven motor, and a reflux condenser protected against the 
entrance of moisture and carbon dioxide by means of a drying tube filled 
with the appropriate agent. The material to be reduced is added in solu¬ 
tion, if readily soluble, from a similarly protected dropping funnel. When 
the substance to be reduced is of limited solubility, it is placed in the 
thimble of an extractor and carried into the reaction flask by the refluxing 
solvent* A Soxhlet extractor or one providing continuous solvent return 
is satisfactory for this purpose. 

The majority of LAH reductions are carried out by the "direct” addi¬ 
tion method, i.e., by the addition of the substance to be reduced to a 
solution or slurry of LAH. The "inverse” addition method, i.e., the 
addition of a calculated amount of LAH in solution to a solution of the 
material to be reduced, is often used for selective reductions. The reac¬ 
tion results in the precipitation of an intermediate complex which is de¬ 
composed by acid or base and the product is isolated from the ether or 
other solvent extract* 

In a very small number of cases reductions have been carried out in 
the absence of a solvent (1*3). 

Several cases have been reported in which a lithium aluminum alco- 
holate rather than the hydride itself has been, utilized as the reducing 

a *ent (4,5). 
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Only a limited number of reductions have been carried out with either 
the aluminum hydride-aluminum chloride addition compound or magnesium 
aluminum hydride. In both cases reactions have been carried out in ether 
solution and the techniques used in LAH reductions are generally appli¬ 
cable to these reagents. 

17.1.2 Introduction of Reactants 

Reductions using direct' 9 or "normal” addition techniques involve 
addition to a solution of LAH. Such reductions can be carried out in a 
multitude of solvents. The choice of solvent is dependent upon the solu¬ 
bilities of the hydride, the compound to be reduced and the intermediate 
complexes. The most commonly used solvents for LAH are diethyl ether 
and tetrahydrofuran although dioxane, di-n-butyl ether, di-n- and isopropyl 
ethers, n-butyl ethyl ether, diethylene glycol diethyl ether, tetrahydro- 
furfuryloxytetrahydropyran, N-ethylmorpholine, pyridine, and various other 
miscellaneous solvents indicated in the tables in the previous sections 
have been used. The solvents or mixture of solvents of choice are also 
determined by the desired reaction temperature. 

The preparation of solutions of LAH demands precautions necessitated 
by the moisture-sensitivity and reactivity of the complex metal hydride. 
All solvents must be carefully dried to prevent loss of LAH efficiency by 
reaction with water as well as to preclude the premature and potentially 
hazardous evolution of hydrogen. In addition, all solvents must be 
peroxide-free since the rapid exothermic reaction of LAH with peroxide- 
containing solvents has been reported to result in fires and explosions, 
as discussed in Section 17.1.3. Freedom from other reactive groups, 
such as alcohols, amines, and carbonyl derivatives, is desirable to main¬ 
tain reduction efficiency. 

Crushing of lumps of LAH to a coarse powder prior to solution is rec¬ 
ommended to increase the rate of solution. This can be carried out in an 
inert atmosphere in a dry box or a well-ventilated hood, using aluminum 
foil wrapping and a rubber hammer, as illustrated in Figure 2. Grinding 
lumps of LAH in a mortar and pestle is an extremely dangerous practice 
and is not recommended since considerable heat may be generated. 

Stirring the powdered LAH with the solvent yields a slurry which may 
be used directly for the reduction. Where reductions are carried out fre¬ 
quently a clarified stock solution may be desirable. This may be pre¬ 
pared by refluxing the slurry for several hours, followed by filtration 
under nitrogen pressure into a storage container or into the reaction ves¬ 
sel. The preparation of stock solutions of LAH in ether and tetrahydro¬ 
furan (6,7), as well as an apparatus for the storage of LAH-ether solu¬ 
tions from which exact aliquots may be conveniently drawn (8), is de¬ 
scribed in the literature. 

Where a slurry of LAH is used, sufficient solution may be obtained by 
refluxing for a short period before introduction of the compound to be re- 
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Figure 2. Crushing of lithium aluminum hydride. 


duced. However, where refluxing is utilized in the reaction period, pre¬ 
solution of the LAH is not necessary. 

If the substance to be reduced, liquid or solid, is soluble in an LAH 
solvent, such solution is added slowly to the LAH solution or slurry, 
with cooling if a low temperature is desired or while maintaining gentle 
reflux* If the compound is not soluble in an LAH solvent then a non¬ 
reducible solvent which is miscible with the LAH solvent may be used. 
Toward this end benzene, petroleum ether, and mixtures of various sol¬ 
vents have been utilized. 

For solids of limited solubility the material is placed in the thimble of 
a Soxhlet or continuous-return type of extractor and carried into the reac- 
tion flask by the refluxing solvent. Solid reactants have been introduced 
manually through the opening in a wide-bore reflux condenser or from an 
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Erlenmayer flask connected to a neck of the reaction vessel by means of 
a collapsible rubber tubing having a wide inside diameter. 

Reductions involving the '•inverse 19 addition method require the addi¬ 
tion of LAH to a solution of the compound to be reduced. A solution of 
LAHp prepared as discussed previously, is added slowly while maintain¬ 
ing the desired temperature. This particular technique is advantageous 
where a calculated amount of LAH is used. A slurry of LAH in a solvent, 
added through a wide-bore dropping funnel, may also be employed in the 
"inverse 91 addition method. 

17.1.3 Hie Reaction Proper 

The desired reaction temperature is obtained by the proper choice of 
solvents. Refluxing, without stirring, is generally satisfactory for the 
maintenance of high temperatures. Low temperatures are obtained by 
external cooling and usually require stirring for adequate heat transfer. 

The reaction time is determined by the ease of reduction of the com¬ 
pound under investigation and the solubility of the intermediate com¬ 
plexes. Extended reflux periods are desirable where these complexes 
have a low solubility in the reaction media. In the case of readily re¬ 
duced compounds it is often sufficient to decompose the reaction mixture 
immediately after the addition of reactants is completed. 

17.1.4 Isolation of Prod nets 

Reactions involving excess LAH require the destruction of this excess 
prior to the isolation of the reduction products. Adequate stirring and the 
use of an air-driven or explosion-proof motor are necessary for the safe 
performance of this operation. The cautious addition of water, wet ether 
or an ethanol-ether mixture results in the evolution of hydrogen which 
must be anticipated when setting up the equipment. Ethyl acetate, which 
does not generate hydrogen gas on reduction with LAH, is satisfactory 
for the decomposition of large excesses of LAH. 

In order to isolate the reduction product it is necessary to decompose 
the intermediate complex. A dilute acid solution or a mixture of ice and 
acid can be used where the product is stable to acid and soluble in 
ether. The isolation of basic products can be accomplished by adding 
excess sodium hydroxide solution to dissolve the precipitated aluminum 
hydroxide and separating the organic phase. Frequently this procedure 
results in incomplete solution of the inorganic precipitate or on extrac¬ 
tion with ether an emulsified middle layer results. If the basic product 
is alkali-sensitive an aqueous solution of sodium potassium tartrate may 
be used to form a soluble aluminum complex. 

In many cases solution of the alumina is not necessary since filtration 
of the precipitate permits the isolation of the product from the filtrate. 
Frequently the alumina is formed as a voluminous precipitate which is 
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filtered with difficulty and traps some of the reduction product. This is 
especially true where the product is an amine or an amino alcohol. Var¬ 
ious procedures have been suggested in order to produce a granular pre¬ 
cipitate which absorbs very little product and is easy to filter and wash. 
One proposal (9) involves the addition of an amount of water limited to a 
slight excess over that required for the hydrolysis of both the excess 
hydride and the complex. A second procedure (10) consists in decom¬ 
posing the reduction complex and excess LAH with a calculated amount 
of water and 20% sodium hydroxide (n g. of LAH requires the successive 
addition of n ml. of water, 0.75n ml. of 20% sodium hydroxide, and 3,5n 
ml. of water). A modification of the procedure (11) involves n ml. of 
water, n ml. of 15% sodium hydroxide, and 3n ml. of water for n g. of 
LAH. Crystalline precipitates have recently been obtained by decompo¬ 
sition with isopropanol followed by the addition of a saturated sodium 
chloride solution (12). 

The use of continuous extraction procedures may be necessary in the 
recovery of water-soluble products from hydrolyzed reduction mixtures in 
which precipitated alumina has been solubilized with excess sodium 
hydroxide or sodium potassium tartrate. Similarly, extraction may be 
necessary to recover product absorbed on granular lithium aluminate 
precipitates. 

Treatment of the hydrolyzed reduction mixture or an extract thereof 
with an excess of an acid chloride or anhydride converts the product to 
an acyl derivative which is more readily crystallizable or extractable. 

The preparation of labeled methanol and ethanol by the reduction of 
labeled carbon dioxide and acetic acid has involved alcoholysis of the 
complex with non-volatile solvents such as tetrahydrofurfuryl alcohol, 
diethylene glycol monobutyl ether, ethylene glycol monophenyl ether and 
benzyl alcohol. The more volatile reduction products are readily re¬ 
covered by distillation. 


17.1.5 Hazards 

The evolution of hydrogen gas during the course of LAH reductions or 
during the hydrolysis of reduction mixtures presents a potential fire 
hazard. Consequently open flames and non-explosion-proof electrical 
equipment should be excluded from the area where operations involving 
LAH are carried out. The flammability of the solvents such as ether an 
tetrahydrofuran commonly used with LAH increases the fire hazard 

The presence of impurities in the ethereal solvents may resul: in fires 
or even explosions. Incompletely dried solvents may evolve, hy^ogen 
and ignite on the addition of LAH. Carbon dioxide has been blamed for 
explosions occasionally observed during the evaporation of ethereal so- 
lutions of LAH and aluminum hydride (13). Thus, explosions have oc 
curred toward the end of distillations undertaken to remove the solvent 
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from dimethyl ether solutions of LAH and have been traced co the pres¬ 
ence of carbon dioxide as an impurity. The removal of carbon dioxide by 
fractionation of the solvent in vacuo prior to the preparation of the LAH 
solution renders the ether harmless. Reintroduction of carbon dioxide 
into the purified sample results in explosions on evaporation of the LAH 
solution. Treatment of diethyl ether solutions of LAH with considerable 
quantities of carbon dioxide results in explosions on evaporation. Heat¬ 
ing die residue from the evaporation of impure dimethyl ether and di- 
methylcellosolve solutions of aluminum hydride results in detonation if a 
large excess of aluminum chloride is present. 

It has been reported that methyl ethers contain approximately double 
the concentration of peroxides found in ethyl ethers. An explosion during 
the distillation of a solution of LAH in diethylene glycol dimethyl ether 
has been attributed to the presence of these peroxides and it has been 
recommended that LAH never be used to dry methyl ethers (14). Per¬ 
oxides or their reaction products with LAH have been held responsible 
for the vigorous reaction and consequent fire that occurred on the addi¬ 
tion of LAH to tetrahydrofuran which had been stored for two years over 
calcium hydride (13). Tetrahydrofuran should be purified immediately 
before use or tested with moistened potassium iodide-starch paper to 
assure the absence of peroxides. 

The complexes from the reactions of LAH with various perfluoro com¬ 
pounds have been reported to detonate. The reaction of LAH with per- 
fluorosuccinamide yields an unstable complex which detonates at room 
temperature. The complexes from LAH and trifluoroacetic acid f pcr- 
fluorobutyramide as well as perfluoroadipamide require heating on a hot 
plate before the deep-seated decomposition occurs. It is recommended 
that LAH reductions of fluorochemicals should be carried out with rela¬ 
tively large volumes of ether to avoid the accumulation of 9olids on the 
sides of the flask and in the hydrolysis step, and the addition of ethanol 
followed by water is preferable to the addition of pure water (16). 

Fires occurring during LAH or aluminum hydride reactions can be ex¬ 
tinguished with sand. Carbon dioxide-filled fire extinguishers are not 
recommended. Dry chemical fire equipment containing specially treated 
sodium bicarbonate has been found to be effective in controlling these 
fires (17). 


17.2 REDUCTIONS WITH LITHIUM BOROHYDRIDE 

Lithium borohydride reductions are generally carried out by procedures 
similar to those used in LAH reductions. Either diethyl ether, tetra¬ 
hydrofuran or mixtures thereof are used as solvents and reaction media 
although in one case a mixture of dimethylformamide and tetrahydrofuran 
has been used (18). Reaction temperatures vary from 0°, maintained by 
external cooling, to reflux temperatures, while reaction times are de- 
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cermined by the nature of the reducible group. The intermediate com- 
plezes are decomposed by acid or basic hydrolysis and the product is 
isolated from the organic layer or extracted from the aqueous phase. In 
some cases the intermediate borate complex may be difficult to hydrolyze 
as in the reduction of polyhydroxy compounds and a-hydroxy acids. 

Solid lithium borohydride is highly hygroscopic and may flash on ex¬ 
posure to humid air. The solid should therefore be handled in a dry, 
preferably inert, atmosphere. On the other hand, solutions of the boro¬ 
hydride are relatively insensitive to moisture and no special precautions 
are necessary while carrying out reactions. 

Since it is difficult to store and prevent the hydrolytic decomposition 
of solid lithium borohydride, a readily prepared equimolar mixture of 
potassium borohydride and lithium chloride in tetrahydrofuran has been 
found to be a satisfactory replacement for lithium borohydride in the re¬ 
duction of esters to alcohols (19). 

17.3 REDUCTIONS WITH SODIUM BOROHYDRIDE 

17.3.1 General 

The experimental techniques utilized in sodium borohydride reductions 
are quite different from those in reductions with LAH since the boro¬ 
hydride need not be protected from moisture and reactions can be carried 
out in hydroxylic solvents. Although hydrogen is not evolved in the 
course of the reduction, due to the non-reaction of active hydrogens, pro¬ 
vision must be made for the evolution of hydrogen gas as a result of the 
decomposition of excess borohydride at the termination of a reduction. 
Hydrogen gas may be evolved during a reduction if the reaction is carried 
out under acidic conditions. 

As in the case of LAH reductions, "direct” and "inverse” addition 
methods are utilized in sodium borohydride reactions. The water or 
alkali sensitivity, of the compound to be reduced dictates the choice of 
reaction medium and the method of addition. The desired reaction tem¬ 
perature may also be a determining factor in the choice of solvent. The 
reaction results in the formation of complexes which are hydrolyzed by 
acid or base and the product is isolated in the usual manner. In some 
cases the complexes are relatively resistant to hydrolysis and boron-free 
reduction products are not readily isolated. This difficulty has been 
overcome by more drastic hydrolysis conditions as well as by the use of 
ion exchange techniques or conversion of reduction products to acylated 

derivatives. 

17.3.2 Introduction of Reactants and the Reaction Proper 

Reductions with sodium borohydride are generally carried out in aque¬ 
ous or alcoholic solution under neutral, basic or acidic conditions. Re¬ 
ductions may be carried out in neutral aqueous solutions by dissolving 
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the required quantity of borohydride immediately before use. Since the 
borohydride decomposes rapidly in aqueous solution, the latter can be 
stabilized by the addition of a small quantity of dilute sodium hydroxide, 
and may be stored for a reasonable period if a sufficiently high pH is 
maintained. In order to obtain a suitable rate of reaction, in some cases 
the pH is reduced to a value of 9-10 during the actual reduction by the 
addition of boric acid (20). In acidic reactions the pH may be maintained 
at 3-4 by the addition of dilute sulfuric acid as needed (21-23)- In order 
to avoid the acid-catalyzed decomposition of borohydride which would be 
caused by free acidic groups, carboxylic acids are neutralized with so¬ 
dium hydroxide prior to reduction. 

The majority of borohydride reductions are carried out in methanol, 
ethanol or aqueous alcoholic solutions. The use of aqueous dioxane and 
methanol-ether and dioxane-water^mechanol mixtures has also been re¬ 
ported. A suspension of sodium borohydride in dioxane or diethylene 
glycol diethyl ether provides the non-aqueous medium necessary for the 
reduction of acid chlorides. In one case (24) a low yield obtained in the 
reduction of a polyhalogenated ketone with sodium borohydride in water 
or methanol has been attributed to the formation of a stable hydrate or 
hemiacetal, decreasing the quantity of available free carbonyl compound. 

Normally, in the "direct’* addition method, a solution of the compound 
to be reduced is added to a solution of sodium borohydride. In the case 
of alkali-sensitive compounds, a solution of such a compound is added to 
a solution of the hydride in order to avoid prolonged contact of unreduced 
compound with alkali. Compounds of low solubility are conveniently re¬ 
duced by adding a solution of the hydride to a suspension of the com¬ 
pound; in such cases the reaction mixture becomes homogeneous as the 
reaction proceeds. This "inverse" addition method is used in the reduc¬ 
tion of acid chlorides as well as in the directed reduction of various 
sugar lactones and steroidal enol acetates. 

Reaction conditions may vary from various periods of time at 0° to 
prolonged refluxing, dependent upon the desired degree of reduction se¬ 
lectivity or the difficult reducibility of particular functional groups. 

17.3.3 Isolation of Products 

The reduction products from sodium borohydride reactions are generally 
isolated by decomposing the intermediate borates under acidic conditions. 
Excess borohydride is decomposed at the same time. Dilute acetic, hy¬ 
drochloric, and sulfuric acids have been used for this purpose. Hydrol¬ 
ysis may also be accomplished, particularly when dioxane is the reaction 
medium, by adding water or an aqueous sodium carbonate or bicarbonate 
solution and raising the temperature. 

The stability of the intermediate borates presents the greatest diffi¬ 
culty in the isolation of reduction products. In the reduction of some 
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aromatic aldehydes and ketones heating with alkali is necessary in order 
to liberate the alcohols. Stable complexes are formed by OC-hydroxy 
acids and various polyhydroxy compounds such as the sugar alcohols so 
that boron-free reduction products are not readily isolated. This diffi¬ 
culty has been overcome by treatment of the crude reduction products 
with methanolic hydrogen chloride or potassium hydroxide as well as by 
the use of ion exchange resins (21,23,25). Conversion of polyhydroxy 
compounds to fully acylated derivatives which are readily crystallized 
and hydrolyzed to the parent alcohols also overcomes product isolation 
difficulties. 

17.4 REDUCTIONS WITH POTASSIUM BOROHYDRIDE 

The techniques utilized in potassium borohydride reductions are sim- 
ilar to those used with the sodium compound. Reductions are carried out 
in aqueous or alcoholic media under neutral or alkaline conditions. Re¬ 
ductions of acid chlorides are carried out in inert solvents. The inter¬ 
mediate complex is generally decomposed with acid and the product is 
extracted with solvents. 

The course of the reduction of quaternary pyridinium and quinolinium 
salts with potassium borohydride is determined by the reaction condi¬ 
tions. Thus, reduction carried out in strongly alkaline medium and in the 
cold favors the formation of dihydro derivatives while slightly basic me¬ 
dium and heat yields tetrahydro compounds (26). In the reduction of 
methyl nicotinate mechiodide in a weakly alkaline solution it is reported 
that an aqueous borohydride solution is added rapidly to the quaternary 
salt and the mixture is extracted with ether as rapidly as possible, other¬ 
wise complexes are formed which are not extractable with solvents and 
are not the same as with the acidic decomposition of excess borohydride 
(27). In some cases the reaction product cannot be extracted from the 
aqueous phase by solvents and is isolated in the form of a derivative 
such as the reineckate. 

The non-hygroscopic nature of potassium borohydride permits reactions 
to be carried out in a relatively simple manner. The hydride may be 
handled in air with complete safety and aqueous solutions are readily 
prepared. Provision must be made for the evolution of hydrogen gas re¬ 
sulting from the decomposition of excess borohydride at the conclusion 
of a given reaction. 
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CHAPTER IB 


HANDLING COMPLEX METAL HYDRIDES ON 
A COMMERCIAL SCALE 


18.1 INTRODUCTION 

Complex hydrides are being used in countless laboratories to perform 
specific reductions of organic compounds with ease, rapidity, and in high 
yields. From these many research applications eventually come a number 
of industrial processes. Even on a small, pilot-plant scale, engineers 
and development personnel, when confronted with the use of complex 
hydrides, have to consider the problems and hazards inherent in their 
application. It is the object of this chapter to discuss, as fully as prac¬ 
tical, the various hazards and problems involved, and to outline methods 
and materials to be used which permit the safe and economic employment 
of these hydrides on a commercial scale. This knowledge is collected 
from the observation of actual industrial installations using these hy¬ 
drides, from experience in large-scale preparation of the hydrides, and 
from numerous laboratory tests. 

At the present time, four complex hydrides are available on a com¬ 
mercial basis (Metal Hydrides Incorporated, Beverly, Massachusetts): 
lithium aluminum hydride, sodium borohydride, potassium borohydride, 
and sodium trimethoxyborohydride; and as far as handling safety is con¬ 
cerned, they may be divided into two groups. The first group contains 
those hydrides which are so moisture-sensitive that contact of the hy¬ 
dride with moisture in any form causes spontaneous ignition, frequently 
violently. LAH is the chief member of this group; also included are 
lithium borohydride (available on pilot-plant scale only), and sodium hy¬ 
dride (a primary, rather than a complex hydride). The second group of 
complex hydrides includes the three borohydrides just mentioned, and to 
them, water is not a safety hazard, but rather, a purity hazard. Indeed, 
two of the three borohydrides, sodium and potassium, can be dissolved in 
water and recovered from aqueous solution in a high state of purity; while 
the third, sodium trimethoxyborohydride, is hydrolyzed rapidly and com¬ 
pletely by water, however, without the evolution of sufficient heat or 
hydrogen to cause ignition. 

All the complex hydrides, with the exception of potassium borohydride, 
are extremely hygroscopic and are subject to varying rates of decomposi¬ 
tion in the presence of moisture, the rates increasing with temperature, 
^hus, LAH dissolved in ether may heat up sufficiently when exposed to 

moist aic to ignite, sodium ttiroethoxyborohydii.de will absorb atmospheric 
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moisture and promptly hydrolyze, while sodium borohydride absorbs mois¬ 
ture and forms the dihydrate, from which it can be recovered unchanged 
by vacuum treatment at low temperature. Potassium borohydride is the 
only hydride of the group which is not hygroscopic. 

A second general problem accompanying the large-scale handling of 
all complex hydrides is their brittleness, which causes even large lumps, 
when handled in bulk, to crumble sufficiently to form fine dust, present¬ 
ing the well-recognized hazard of a typical dust explosion. The dust 
hazard is also complicated by the fact that these dusts are highly hygro¬ 
scopic. The combustion of any of the complex hydrides, or their hydrol¬ 
ysis, points out their outstanding chemical property, namely, that they 
are tremendous reservoirs of hydrogen. When a lump of LAH, for in¬ 
stance, burns, the first stage is the decomposition of the hydride to give 
hydrogen, which burns with a soft, luminous flame, followed by an in¬ 
tense, white-heat combustion of the metals. In dry air, LAH starts to 
give off hydrogen between 120-150°, and ignites in the same range. So¬ 
dium borohydride and potassium borohydride, however, do not start to 
decompose until the temperature is around 500°, to liberate hydrogen, 
while sodium trimethoxyborohydride melts and disproportionates to so¬ 
dium borohydride, sodium methoxide and methyl borate at 240-250 °. The 
evolution of hydrogen by heating or moisture presents the general problem 
of adequate ventilation, use of explosion-proof electrical equipment, and 
careful choice of storage and handling areas. Since the evolution of hy¬ 
drogen on the absorption of moisture is a continuing, rather than an in¬ 
stantaneous, process in some cases, especially once a surface coat of 
hydrolysis product is built up on the particle, storage containers which 
have been exposed to moist atmospheres should be sealed cautiously, to 
prevent internal pressure build-ups which would cause bursting, followed 
by dust explosion, and perhaps general fire. The dust hazard also dic¬ 
tates that spark-proof implements be utilized, with containers and opera¬ 
tors’ clothing sufficiently grounded or static-proofed. 

18.? HANDLING TECHNIQUES PECULIAR TO 
LITHIUM ALUMINUM HYDRIDE 

The principal hazards to consider when handling LAH on an industrial 
scale is water in any form, and this hazard is greatly increased when 
LAH is dissolved in a highly inflammable solvent such as diethyl ether 
(the solvent most generally used with this hydride). Points from which 
water must be eliminated when considering commercial installations with 
LAH include: solvents for the LAH and for the compound to be reduced; 
sprinkler systems and open steam lines in areas where LAH is stored, 
crushed, weighed and dissolved; atmospheric moisture collecting in cold 
traps; and water left from the clean-out of valves, gauges, traps, etc., in 
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processing equipment. The precautions necessary to keep LAH away 
from water in its handling and storage are complicated by the common 
industrial practice of using aqueous acids co destroy the lithium alumi¬ 
num alcoholate complexes which form as the result of LAH reductions. 
That this can successfully be accomplished is pointed out by several 
large-scale commercial users who have employed the material over a 
period of years without accident. 

The handling of LAH on an industrial scale starts with the storage of 
sealed cans of the hydride as received from the manufacturer. This 
should be carried out in an area that is free from water, steam or other 
high-temperature lines, the heating effect of sun f or local high-temperature 
processes, and be well ventilated. The cans themselves should be han¬ 
dled with sufficient care to prevent their rupture by dropping or banging. 
The hydride is generally shipped in lump form, but travel will cause a 
small percentage of fines to be worn off the chunks. The material as it 
comes from the can can be added directly to solution tanks, although its 
rate of solution is greatly increased by a gentle pre-crushing. In normally 
humid atmospheres this pre-crushing is best carried out in a dry, inert- 
atmosphere box, the entire contents of the can being used at a single 
time. In less humid atmospheres, material can be carefully crushed by 
wrapping the lumps in aluminum foil, and tapping gently with a rubber 
hammer, if the operation is carried out in a well ventilated hood which 
will remove dusts and the small amount of hydrogen which may be evolved. 
Restoring of the crushed material should be done cautiously. 

It is not recommended that the solid be added directly to the compound 
to be reduced, since it is difficult to meter solids accurately. If a liquid 
which is a solvent for LAH cannot be tolerated, it can be caused to react 
as a slurry in a non-solvent, non-reactive media such as a hydrocarbon. 
Halogenated hydrocarbons must not be used. 

The solution or slurrying of the hydride should be done in an area 
where the minimum amount of solvent is exposed, and if the solvent is 
inflammable, utmost care must be taken that sparks, flames or hot areas 
are not present. The equipment itself may be made of mild steel and the 
reductions carried out at atmospheric pressure. If the nature of the sol¬ 
vent demands higher pressures, naturally, pressure vessels should be 
used. Hydride and solutions of it are not corrosive to metals in general. 
Glass equipment may be used, except that traces of moisture may cause 
sufficient hydrolysis to form highly alkaline lithium aluminates, which 
will etch the glass. The containers for the hydrides should be set out¬ 
doors after emptying, to weather briefly, prior to disposal. 

A standard practice in solution is to add the lump or lightly crushed 
hydride to a loading hopper which has been baked dry and flushed with 
nitrogen until there is less than one percent oxygen present. The sealed 
hopper is then connected to the dissolving tank containing the desired 
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solvent (also flushed with nitrogen), and the hydride added at a rate de¬ 
pending upon the extent of stirring and cooling of the solution. All sol¬ 
vents or slurrying media must be especially dried to prevent vigorous 
evolution of hydrogen and the destruction of some of the reducing power. 
In some cases, commercial anhydrous solvents are not sufficiently dried, 
and should be further dried by distilling or decanting from calcium hy¬ 
dride, sodium hydride, or, in extreme cases, from LAH. Actual moisture 
determinations are advisable, with water contents of greater than 0.5% 
unsatisfactory. To promote solution, refluxing for several hours may be 
helpful. After this time, the rather voluminous but extremely light residue 
which remains need not be separated, since it also contains reducing 
power. However, for solutions of exact concentration or for crystal clar* 
ity, filtration or centrifuging will separate the undissolved residue. 

Solutions of LAH can be added directly into the reduction vessel, in 
which case the compound to be reduced is added to it at a controlled 
rate, or the LAH syrup can be added at a controlled rate to the compound 
to be reduced. In certain reactions, cooling of the reaction vessel may be 
advisable to prevent loss of the solvent or reduction of double bonds. 
For volatile solvents, a reflux condenser is a necessity, and its capacity 
will dictate the rate of addition for a particular reaction. 

When the reaction is complete, the excess LAH can be destroyed by 
the cautious addition of ethyl acetate, alcohols, moist solvent, or nitro¬ 
gen gas saturated with moisture, or the careful addition of the finished 
mix solutions to ice water. In the case of the latter four methods, con¬ 
siderable volumes of hydrogen will be given off, which must be vented 
through a condenser or hood. It is generally preferable to run the reac¬ 
tion mixture into a separate vessel prior to the destruction of excess 
LAH by water or alcohol, to prevent contamination of the main reaction 
vessel by these materials. When hydrogen ceases to be evolved, indi¬ 
cating the complete destruction of the LAH excess, treatment with aque¬ 
ous acid will destroy the lithium aluminum alcoholates, to permit recov¬ 
ery of the alcohols or other organic compounds. When quantities of syrup 
are to be destroyed, it can be added to an excess of cold ethyl acetate 
in ethyl ether and then washed out with water. 

A typical system for carrying out LAH reductions is shown in Fig. 3* 

To decompose solids in movable equipment, the equipment should be 
transported to an area away from inflammables and dry dioxane added to 
cover the solids, followed by the slow and cautious addition of either 
water, wet dioxane or a mixture of methanol and dioxane while venting. 
When it is certain that all activity has been destroyed, the apparatus may 
be opened with care and flushed with water to clean it thoroughly. Hy¬ 
drogen gas is liberated during the decomposition; no flames or sparks or 
other igniting sources should be present. 
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(Courtesy of Metal Hydrides Inc.) 

Figure 3. In this typical system for carrying out lithium aluminum hydride re¬ 
ductions, anhydrous ether is added from the storage tank to make the desired 
solution in the dissolving tank. LAH is then pushed by nitrogen pressure into 
the reaction kettle, where the compound to be reduced may or may not be present, 
depending on which is to be used in excess. Kettle can be heated or cooled by 
the jacket. After reaction is complete, ethyl acetate is added to the reaction 
kettle to destroy excess LAH. The entire solution goes to the decanter, where 
water and acid are added to destroy the lithium aluminum hydride alcoholate 
complex. Ethereal solution of the product is then run to the ether still where 
condensate is collected in the receiver, dried, and returned to storage. 

Solids in stationary equipment are decomposed in the same manner, 
being careful to allow for the build-up of pressures of hydrogen. The de¬ 
composed solution is then drawn off at the bottom and the equipment 
flushed with quantities of water followed by a flush with acetone and 
ether and drying with heat. The tank must be absolutely dry before addi¬ 
tion of the reactants. 

Light, movable equipment contaminated with the hydrides should be 
washed at the earliest possible moment, and this should include such 
equipment as flasks, glass carboys, and siphoning cubes. 

The wash area should be remote from the production area. The equip¬ 
ment is placed on a dry metal basin, then water from a nearby hose is 
sprayed on gradually until there is no danger of a fire. The equipment is 
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then washed well with water. A dilute (1%) solution of acid is then 
rinsed through the equipment followed by more water, and then, lastly, 
with acetone. 

Equipment should be drained or let stand for at least one hour. Before 
using again, it must be thoroughly dried and blown out with nitrogen. 

Moisture collecting upon surfaces of stationary equipment should be 
wiped off with a dry cloth as rapidly as possible and its cause deter- 
mined and eliminated. 

Equipment to be shut down for more than a short time should be flushed 
with nitrogen and left with a pressure of that gas inside. 

If a vessel is shown to be filled with air, one method of purging would 
be to flush with nitrogen to a pressure of 10 psig and release. Repeti¬ 
tion of this procedure seven times will reduce the oxygen content to 
about 1%. 

If the vessel has been left under and still retains a positive pressure 
of nitrogen, the flushing may be omitted. 

Glass carboys should be kept in metal drums except when being washed. 

Proper care in handling of the material and in equipment design will, 
of course, lead to maximum safety and the best results. 

Certain chemical hazards are involved in the use of LAH. However, 
these are generally encountered first on a laboratory scale, and should 
not develop in a carefully-studied process in the plant. One of these is 
the formation of explosive intermediates when LAH reacts with fluo- 
rinated organic acids. The use of dimethyl ether as a solvent is not 
recommended, since it apparently picks up carbon dioxide from air very 
readily, and forms compounds with LAH, which, when evaporated to dry¬ 
ness, frequently explode violently. It is possible that other such chemi¬ 
cal combinations exist, and careful study of any novel system is recom¬ 
mended, prior to scale-up. 

18.3 HANDLING THE BOROHYDRIDES ON A LARGE SCALE 

The problems of handling the borohydride group on an industrial scale 
are considerably less than those of LAH, the hazards here being princi¬ 
pally from dust, hydrogen evolved on hydrolysis, and the normal inflam¬ 
mability of solvents such as isopropyl amine, tetrahydrofuran, and the 
lower alcohols. Sodium borohydride and trimethoxyborohydride dissolve 
readily in the lower primary amines and liquid ammonia, and no problem 
is involved in this procedure. Sodium borohydride can also be used in 
aqueous, alcohol, and aqueous-alcohol solutions. However, care must be 
taken to keep the solvent cold and the solution cold while it is being pre¬ 
pared, to prevent decomposition of the borohydride. If the solution is 
made basic (pH 12 to 13) prior to the addition of the sodium borohydride, 
the decomposition tendencies can be lowered. Sodium borohydride has a 
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large heat of solution in these solvents, emphasizing the need for cool¬ 
ing. As long as the solutions are kept basic, they decompose at a rare 
of less than one per cent of the total reducing power per day at room 
temperature. Care must be taken not to add acidic material, or allow pH 
to drop below 9, nor to add certain inorganic ions such as cobalt, nickel, 
etc., which catalyze the rapid and complete hydrolysis of the sodium 
borohydride. This hydrolysis results in the evolution of 40 cubic feet of 
hydrogen per pound of sodium borohydride, and, if hydrolyzed quickly, 
can cause tremendous foaming and frothing, as well as considerable heat. 
While such heat is insufficient to ignite the hydrogen, such large volumes 
of hydrogen would cause a considerable immediate hazard. On the other 
hand, excess sodium borohydride, after a reaction, can be readily de¬ 
stroyed with inorganic acids, such organic acids as glycine or by the 
catalysts just mentioned, as long as adequate venting for the hydrogen 
is available. 

Bulk sodium borohydride can be handled, crushed, loaded into hoppers, 
without hazard from atmospheric moisture. However, as a hygroscopic 
solid, this moisture will be absorbed, increasing the weight of solid and 
decreasing the purity proportionately. No loss in reducing power will be 
encountered unless attempts are made to remove the moisture by heating, 
even in a vacuum. Sodium borohydride must not be mixed with such acid 
compounds as boron halides and aluminum halides, without extreme cau¬ 
tion, because volatile and explosive boron hydrides and aluminum boro¬ 
hydride, respectively, are formed. The above compounds are also highly 
toxic, and have an exceptionally unpleasant odor. 

Sodium trimethoxyborohydride can be handled only in non-aqueous and 
non-alcoholic solvents, since it is readily and completely hydrolyzed by 
these materials. To the same extent, it must not be handled in moist or 
humid atmospheres, since absorption of moisture causes prompt decom¬ 
position. The amount of hydrogen evolved per pound of sodium tri- 
methoxyborohydride is only one-thirteenth as much as for sodium borohy¬ 
dride, so that this hazard is considerably reduced. 

Potassium borohydride is the safest, most readily handled of all of the 
borohydrides known, and being non-hygroscopic in normal atmospheres, 
it can be handled without special precautions, except for the elimination 
of acid materials or hydrolysis catalysts. In addition, its method of 
manufacture results in a free-flowing, crystalline powder which forms 
very little dust and has excellent flow properties. Its greater stability 
in aqueous and non-alcoholic solution permits forcing conditions which 
are not recommended with sodium borohydride. 

18.4 PERSONAL SAFETY AND TOXICITY 

Personnel handling complex hydrides and their solutions should wear 
flameproof clothing or coveralls, and goggles at all times. Face shields 
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are recommended where handling LAH. Moleskin-type or rubber gloves 
are also highly recommended, since all complex hydrides are caustic in 
contact with the skin, the borohydrides being somewhat more irritating 
than LAH. If the skin is contacted with any of these, the area should be 
immediately flushed with copious quantities of water. Small quantities 
of water may increase the bum, due to the high heat of hydrolysis. The 
area should then be treated as for caustic bum. In cases of contact with 
such sensitive portions of the body as the eye, a physician should be 
called as soon as first aid has been given. 

Additional problems are encountered with dermatitis caused by sodium 
borohydride and its solutions in isopropyl amine, tetra hydrofur an, liquid 
ammonia and ethylene diamine. Frequently solvents for the borohydrides 
also have toxicological hazards, and the manufacturers of the solvents 
should be consulted. All boron compounds are considered highly toxic 
when taken internally, and care must be taken not to swallow any of 
these materials. Dusts from the handling can be extremely irritating to 
the respiratory tract, and a dust-mask for operators of crushing, hopper^ 
loading, or similar procedures should be standard equipment. However, 
dust must be kept to a minimum. As the procedures and recommendations 
described are, in general, those which would be the result of any carefully- 
designed operation, modified by good housekeeping practices and stand¬ 
ard safety precautions, they are not difficult to follow. These recom¬ 
mendations, when considered early in the design of an operation, and 
when carefully followed, will prevent hazard to personnel and equipment 
and the loss of valuable material due to accidents. 
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Aluminum borohydride {continued) 
etherate, 26 
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hazards, 26, 40*41 
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hydrolysis, 34*35 
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structure, 12 

Aluminum hydride, reactions 
alcohol synthesis, 1005 
aldehydes, 98, 118 
aluminum bromide, 52-53 
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hydrogen cyanide, 37 
inorganic halides, 42 
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Aluminum hydride-aluminum chloride 
addition compound, reactions 
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carboxylic acids, 99, 365 
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experimental conditions, 1008 
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Aluminum tricyanide, 37 
Amides, reaction with 
aluminum hydride, 592 
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from isocyanides, 751 
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addition compound, 729 
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Amines, reaction with (continued) 
lithium aluminum hydride, 566-568, 
729 

lithium borohydride, 730 
lithium gallium hydride, 730 
magnesium borohydride, 730 
sodium borohydride, 730 
Amines, cyclic 
preparation 

from imides, 627-632 
from lactams, 594-627 
Ammonia, reaction with 

lithium aluminum hydride, 35 
lithium borohydride, 35 
potassium borohydride, 35 
sodium borohydride, 35 
sodium trimethoxyborohydride, 35 
Anthocyanidins, preparation, 209-210 
Anthrones, 194-195 
Antimony halides, reactions, 60 
Antimony salts, 60, 61 
Aromatic hydrocarbons, reactions, 966- 
968 

Arsenic halides, reactions, 60 
Arsenic salts, 60, 61 
Arsine, preparation, 60 
Azides 

preparation, 36 
reactions, 780 
Azo compounds, preparation 

from azoxy compounds, 779-780 
from aromatic nitro compounds 

with aluminum hydride-aluminum 
chloride addition compound, 
776 

with lithium aluminum hydride, 
773-776 ' 

with lithium borohydride, 777 
from C-nitroso compounds, 761 
Azo compounds, reactions, 778-779 
Azoxy compounds, reactions, 779-7B0 

Beryllium alkyls, reaction with 
alkyl aluminum hydrides, 72 
lithium aluminum hydride, 71—72 
Beryllium aluminum hydride, 46 
Beryllium borohydride 
hydrolysis, 34 
ignition in air, 41 
preparation, 46 
reaction with 
amines, 730 
hafnium halides, 58 


hydrogen chloride, 35 
titanium salts, 57 
water, 34 

Beryllium hydride, preparation, 46, 
71-72 

Beryllium salts, 46 
Bis-dimethylaminoborine, 51 
Bis-dimethylaminoboron dichloride, 51 
Bis-dimethylaminodichlorosilane, 57 
Bismuth salts, 60 , 6l 
Bis-silylaminoboron dichloride, 51 
Borazole, 36, 59 
Borides, 60-61 
Boron alkyls, reactions, 73 
Boron halides, reaction with 
aluminum hydride, 25-26, 49 
lithium aluminum deuteride, 49 
lithium aluminum hydride, 21, 49, 51 
lithium borohydride, 50 
lithium hydride, 21, 50 
lithium trimethozyborohydride, 51 
magnesium borohydride, 50 
potassium borohydride, 50 
potassium trimethoxyborohydride, 51 
sodium borohydride, 50 
sodium hydride, 16, 50 
sodium trimethoxyborohydride, 50-51 
Boron hydrides, reactions, 36 
Boron salts, 49-51 
Bromine, 61 

Cadmium alkyls, reactions, 72 
Cadmium aluminum hydride, 48 
Cadmium borohydride, 48 
Cadmium hydride, 48, 72 
Cadmium salts, 48 
Carbamates, reactions, 636-638 
Carbon-carbon double bonds, reaction 
with 

lithium aluminum hydride, 9-25-964 
lithium borohydride, 966 
magnesium aluminum hydride, 964 
potassium borohydride, 965-966 
sodium aluminum hydride, 100 
sodium borohydride, 964-965 
Carbon-carbon triple bonds, reaction 
with 

lithium aluminum hydride, 968-975 
magnesium aluminum hydride, 975 
Carbon dioxide 

cause' of explosions, 39 
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Carbon dioxide, reaction with 
(continued) 

lithium aluminum deuteride, 39 
lithium aluminum hydride, 37*39 
lithium borohydride, 39 
sodium trimethoxyborohydride, 40 
Carbon monoxide 9 reactions! 40 
Carbon-nitrogen double bonds, reaction 
with 

lithium aluminum hydride, 793-B06 
lithium borohydride, 806-007 
potassium borohydride, 806 
sodium borohydride, 806 
N-Carboxy anhydrides, 379 
Carboxylic acids, reaction with 

aluminum hydride-aluminum chloride 
addition compound, 363 
lithium aluminum hydride, 322-363 
lithium borohydride, 373 
lithium gallium hydride, 373 
magnesium aluminum hydride, 371 
potassium borohydride, 373 
sodium borohydride, 371-373 
zinc aluminum hydride, 371 
Cerium salts, 60, 61 
Chlorocadmium borohydride, 48 
Chlorozinc borohydride, 47-48 
Chromium salts, 60, 6l 
Cobalt boride, 33, 60-61 
Cobalt salts, 60-61 
Copper salts, 43-44, 61 
Corynantheine, 702—704 
Cupric borohydride, 44 
Cuprous borohydride, 44 
Cuprous hydride, 43-44 
Cyanamides, reactions, 730 
Cyanohydrins, reactions, 731, 742 

Deuterium oxide, reaction with 
lithium aluminum hydride, 31 
sodium borohydride, 33 
■odium hydride, 31 
Dextran, 123 

Diacylamines, reactions, 633-634 
Di alkyl magnesium compounds 
decomposition, 24-23 
reaction with 
diborane, 25 

lithium aluminum hydride, 23 
Diazo compounds, reactions, 780-781 
Diazonium salts, reactions, 781 
Diborane 

hydrolysis, 34 


preparation, 13, 16, 21, 33-36, 43, 
45, 59-51 
promoters, 50 
Diborane, reaction with 
aluminum alkyls, 25 
aluminum hydride, 23, 36 
dialkylmagnesium, 25 
dimethylberyllium, 46 
lithium alkoxide, 20 
lithium alkyl, 20 
lithium aluminum hydride, 25, 36 
lithium hydride, 20 
lithium tetramethoxyborohydride, 20, 
36 

lithium trimethoxyborohydride, 20, 
36 

methyl borate, 14, 19 
potassium hydride, 19 
potassium methoxide, 19 
potassium tetramethoxy borohydride, 
18-19, 36 

sodium amalgam, 15 
sodium hydride, 15 
sodium methoxide, 14, 19 
sodium tetramethoxy borohydride, 14, 
36 

sodium trimethoxyborohydride, 13, 36 
Diborane, deuterated, preparation, 49 
Dimethylaminotrichlorosilane, 56-57 
Disilane, 56 
Disulfides, preparation 
from disulfones, 848 
from sulfenyl halides, 879*880 
from sulfinic acids, 079 
from sulfinyl halides, 879 
from sulfones, 848 
from sulfonyl halides, B52-855 
from sultones, 876 
from thiol sulfonic esters, 882 
Disulfides, reactions, 841-B43 
Disulfoxides. See Thiolsulfonic esters 

Enol esters, reaction with 
aluminum hydride, 537 
aluminum hydrid^aluminum chloride 
addition compound, 537-538 
lithium aluminum hydride, 533-538, 
963-964 

sodium borohydride, 533-539 
Enol ethers, reaction with 
lithium aluminum hydride, 695-704, 
960-963 

lithium borohydride, 704-705 
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Enols, reactions, 690-693, 960-963 
Episulfides, reactions, 844 

1.2- Epoxides, reactions, 64<W>73 
1,4-Epoxides, reactions, 711-716 

1.3- Epoxides, reactions, 716-719 
1,6-Epoxides, reactions, 719-721 
Esters, reaction with 

aluminum hydride, 491, 300 
aluminum hydride-aluminum chloride 
addition compound, 491 
calcium hydride, 303 
lithium aluminum hydride, 71, 391- 
491 

lithium borohydride, 307-309 
lithium gallium hydride, 309 
magnesium aluminum hydride, 300 
potassium borohydride, 307 
sodium borohydride, 300-306 
Ethers, reaction with 

aluminum borohydride, 646 
aluminum hydride, 646 
lithium aluminum hydride, 333, 342, 
643-646 

Ferricyanides, 61 
Flavones, 209-210 
Fluorenones, 191-194 
Formaldehyde, preparation, 37-39 
Formaldehyde-C 14 , preparation, 3B 
Formic acid, preparation 
with aluminum hydride, 39 
with lithium aluminum hydride, 37-39 
with lithium borohydride, 39 
with sodium trimethoxyborohydride, 
40 

Formic acid-C 14 , preparation, 39 
Functional group determination, 76-83 

Gallium alkyls, reactions, 73 
Gallium aluminum hydride, 34 
Gallium halides, reaction with 
lithium aluminum hydride, 34 
lithium gallium hydride, 34 
lithium hydride, 26, 34 
Gallium hydride, 34-33, 36 
Gallium salts, 34—33 
Gelsemine, 606-608, 610 
Germane, preparation, 38-39, 69 
Germanium dioxide, 42 
Germanium halides, reactions, 38-39 
Gilman-Schulze test, 91 
Gold hydride, 46 


Gold salts, 46 
Grignard reactions 

acid anhydrides, 373-376, 378-379 
active hydrogen determination, 78-81 
amides, 81, 366 
amines, 79-80 

analogy with lithium aluminum hy¬ 
dride reactions, 7B-83, 91-92 
anchrones, 193 
1,2-epoxides, 649-650, 653 
ethers, 91, 644 
fluorenone, 193-194 
iodine, 9, 42 
iodonium salts, 919 
keto-enol tautomers, 82-83 
ketones, 92, 148-149, 190, 209, 538, 
649 

fulvenic, 196 
steroidal, 237, 265 
a ,£-un saturated, 182 
lactams, 598, 621 
lithium aluminum hydride, 70 
nitric oxide, 41 
nitriles, 80-B1, 679-680, 795 
oxazolidines, 808 
ozonides, 710-711 
peroxides, 707-708 
quaternary ammonium salts, 91, 782 
quinones, 310 
steric hindrance, B0-B1 
sulfonamides, 621 
sulfonic esters, 855, 86l 
sultones, B76 
thallic chloride, 56 
thebaine, 715-716 
tosylates, 91 
xanthones, 209 

Grignard reagent, thermal decomposi¬ 
tion, 24-25 

Guanidines, reactions, 795 

Hafnium borohydride, 58 
Hafnium halides, reaction with 
aluminum borohydride, 58 
beryllium borohydride, 58 
Hafnium salts, 5B 
Halides, alicyclic, 889-916 
Halides, aliphatic, reaction with 
aluminum borohydride, 917 
aluminum hydride-aluminum chloride 
addition compound, 911 
lithium aluminum hydride, 889-916 
lithium borohydride, 911, 917 
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Halidei, iliphitic, reaction with 
(continued) 

lithium hydride, 910, 911, 912-913, 
917 

potassium borohydride, 911 
sodium borohydride, 911 
Halides, aromatic, reaction with 

aluminum hydride-aluminum chloride 
addition compound, 919 
lithium aluminum hydride, 917-919» 
920-922 

sodium borohydride, 919 
Haloaluminum hydrides, 8, 31-53 
Halogens, 42 

Haloindium aluminum hydride, 55 
Halothallium aluminum hydride, 56 
Handling complex metal hydrides, 1017- 
1024 

Heterocyclic oxygen compounds, reac¬ 
tions, 711-722 

Heterocyclic nitrogen compounds, reac¬ 
tions, 819-831 

Heterocyclic sulfur compounds, reac¬ 
tions, 884-886 

Hydantoins, reactions, 385, 593, 634- 

636 

Hydraxidines, reactions, 794 
Hydrazines, preparation 
from hydrazones, 797 
from nitrosamine s, 761-762 
Hydrazo compounds, preparation, 779 
Hydrazoic acid, 36 
Hydrazones, reactions, 797 
Hydrocarbons, preparation 

from alicyclic halides, BB9-916 
from aliphatic halides, 889-916 
from aromatic halides, 917-922 
from olefins, 997-1000, 1004 
from sulfonic esters, 855-873 
Hydrocellulose, 121 
Hydrogenation catalysts, 6l 
Hydrogen chloride, reaction with 
borohydride a, 35-36 
sodium crimethoxyborohydride, 36 
Hydrogen cyanide, reaction with 
aluminum hydride, 37 
lithium aluminum hydride, 37 
lithium borohydride, 37 
Hydrogen deuteride, preparation, 31 
Hydrogen gas, preparation, 32-33, 61 
Hydxogenolysis, 33B, 478, 479, 484- 
485, 488-490, 884 , 885, 

979-991 

Hydrogen peroxide, 61 


Hydroperoxides, reaction with 

lithium aluminum hydride, 705-706 
sodium borohydride, 705-706 
Hydroxylamines 
preparation, 76B-770 
reactions, 778 
Hypochlorite, reaction with 
potassium borohydride, 19 
sodium borohydride, 17, 61 
Hyponitrous acid, 41 

Imidazole, 634 
Imidazolidine, 634 
Imidazolone, 634 
Imides, reaction with 
borohydrides, 629 
lithium aluminum hydride, 627-632 
Imines, reactions, 795-796 
Indium aluminum hydride, 55 
Indium halides, reaction with 
lithium aluminum hydride, 55 
lithium hydride, 55 
Indium hydride, 55 
Indium salts, 55 
Indolines, preparation, 601-610 
Inorganic halides, reaction with 
aluminum hydride, 42 
borohydrides, 43 
lithium aluminum hydride, 42-60 
lithium gallium hydride, 43 
Insulin, 508, 593 
Iodate, reactions, 17, 61 
Iodine, reaction with 
Grignard reagent, 9 
lithium aluminum hydride, 9, 42 
sodium borohydride, 17, 6l 
lodonium salts, 919 
Iron salts, 60, 6l 
Isatin, 610 

Isocyanates, reactions, 751 
Isocysnides, reactions, 751 
Isothiocynastes, reactions, 883 

Keto-enol tautomerism, 82—83 
Ketones, preparation, 
from alcohols, 282-283, 992-993 
from enol esters 

with aluminum hydride-aluminum 
chloride addition compound, 
537-538 

with lithium aluminum hydride, 
238-239, 533-538, 963-964 
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Ketone a, preparation (continued) 

from enol ethers, 188-189, 254, 266- 
267, 695-698 
from nitroolefins, 770 
Ketones, reaction with 

aluminum hydride-aluminum chloride 
addition compound, 283 
lithium aluminum hydride, 124-283 
lithium borohydride, 305-308 
lithium gallium hydride, 308 
magnesium aluminum hydride, 283 
potassium borohydride, 304—305 
sodium borohydride, 283-304 

Lactams, reactions, 594-627 
from acid anhydrides, 376-378 
from acyl halides, 3B4 
from carbohydrate acids, 372 
from dicarboxylic acids, 324-325, 477 
from ester acids, 357-358, 477 
from ketoacids, 357, 373 
from ketoesters, 509 
Lactones, reaction with 

lithium aluminum hydride, 510-531 
sodium borohydride, 531-533 
Lead salts, 61 

Lithium alkyls, reaction with 
aluminum borohydride, 74 
lithium aluminum hydride, 74 
Lithium aluminum alkyls, preparation, 
74, 994 

Lithium aluminum amides, 78 
Lithium aluminum deuteride, prepara¬ 
tion, 6 

Lithium aluminum deuteride, reaction 
with 

boron halides, 49 
carbon dioxide, 39 
1,2-epoxides, 650 
halides, aliphatic, 890 
halides, allylic, 897 
ketones, 124 
sulfonic esters, 655, 860 

Lithium aluminum hydride 
analysis, 6, 8-9 
hydrolysis, 8 
iodometric method, 9 
pyrolysis, B 

as analytical reagent, 76-84 
as qualitative test reagent, 84 
functional groups reduced, 95*97, 
96-97 


handling, 1017-1022 

hazards, 6, 39, 1011-1012, 1017-1022 

hydrolysis, 32 

personal safety, 1023*1024 

properties, 9-11 

decomposition, 10-11 
density, 11 

heat of formation, 11, 32 
molecular weight, 10 
nuclear magnetic resonance, 11 
solubility, 11 
specific heat, 11 
stability, 9, 11 
purification, 6 
pyrolysis, 8, 10-11 
solvents, 38 
structure, 9-10, 86 
toxicity, 1023-1024 

Lithium aluminum hydride, preparation, 
4-6, 71 

from aluminum bromide, 6 
from aluminum chloride, 4-6 
induction period, 4-5 
from aluminum ethylate, 6, 71 
from aluminum hydride, 5 
Lithium aluminum hydride, reactions 
acetals, 95, 115-117, 269, 279-280, 
282, 512, 656-657, 673-688, 
721-722 

acid anhydrides, 373-379 
N-carboxyanhydrides, 379 

dibasic, 374-379 
monobasic, 374 
acids, miners!, 32 

active hydrogen determination, 76-82 
acyl halides, 379—384 
1,2-addition, 92 

1,4-addition, 92, 180-182, 189, 210, 
311, 956-959 

1,6-addition, 92, 194-195,* 210 
alcohols, 282-283. 992-993 
aldehydes, 107-118 
alicyclic, 107, 108-109, 114-115 
aliphatic, 107, 10b-109. 114-115 
aromatic, 109-110, 115-117 
carbohydrate, 115 
heterocyclic, 110, 117-116 
protection of the aldehyde group, 
115 

unsaturated, 107, 108-109, 114 
aluminum alkyls, 73 
aluminum chloride, 51 
aluminum ethylare, 70-71 
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Lithium aluminum hydride, reactions 
(continued) 

amides, 81, 89, 92, 93, 114, 161, 544- 
592, 637 

disubstituted, 566-590 
explosions, 547 
N-formyl amines, 551-554 
mechanism of reduction, 544-546, 
980-981 

mono substituted, 551*566, 746 
non-reduction, 556-557, 564-566 
a,y6-unsaturated, 583, 586, 589- 
592, 594 

unsubstituted, 546-551 
amidines, 794 

amines, 78, 75H80, 566-568, 729 
ammonia, 35, 78 

analogy with Gtignard reactions, 78- 
83, 91-92 

anthrones, 194-195, 955-956 

antimony trichloride, 60 

arsenic trichloride, 60 

as a base, 92-94 

as an acid, 94—95 , 214 

asymmetric reduction, 88 

azides, 162, 780 

azo compounds, 778-779 

azoxy compounds, 84 , 779-780 

benzopyrylium salts, 71B-719 

beryllium alkyls, 71-72 

beryllium chloride, 46 

boron alkyls, 73 

boron halides, 21, 49, 51 

boron hydrides, 36 

cadmium alkyls, 72 

cadmium iodide, 48 

carbamates, 636—638 

carbon-carbon double bonds, 81, 925* 

964 

carbon-carbon double bonds 

aromatically conjugated systems 
ArC =CCO grouping, 171, 179 
446-44B, 526-527, 589-592 f 


694, 744. 931-942 
ArC=CN\^ grouping, 764-766, 


939-947 

arhalostyrene, 947 
a,)8-uns actuated oximes, 758, 
943, 947 

cyclopentadienones, substituted, 
959-960, 987 


1,2-diketoethylenes, 310-311, 956- 
959 

enol esters, 238-239, 533-53B, 
963-964 

enols and enol ethers, 526-527, 

694, 746, 960-963 

heterocyclically conjugated sys¬ 
tems, 956 

indoles, 604, 948-950, 989-990 
mechanism, 90-91, 927-929, 938, 
951-952 

nitroolefins, 764-771 
non-aromatic systems 

alkenyl compounds, 343, 349- 

355, 511, 694, 742, 925-926, 
992, 994-1005 

cycloalkenyl compounds, 448- 
450, 744-745, 748-749, 927- 
930 

olefins, 992, 994-1005 
perinaphthenone, 960, 988 
polar semicyclic double bonds 
anthrone derivatives, 955*956, 

989 

fulvene derivatives, 950-954, 
987-988 

xanthene derivatives, 955 
sulfur and nitrogen compounds, 595, 
604, 764-771, 948-950, 989- 

990 

carbon-carbon triple bonds, 968-975 
acetylenic acids and esters, 355- 

356, 451, 972, 974 
acetylenic carbinols, 679, 930, 

968-974 

acetylenic carbonyl derivatives, 
115, 190, 685, 722, 974 
mechanism, 90, 972 
non-reduction, 343, 355, 969 
reduction to allenes, 897, 900, 

974-975 

reduction to orolefins, 975, 1004 
carbon dioxide, 37-39 
carbon monoxide, 40 
carbon-nitrogen double bonds, 679" 
680, 793-B06 
amidines, 745-746 
endocyclic, 797-806 
hydrazones, 779 
imines, 679-680 
N-carboxyanhydrides, 637-638 
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Lithium aluminum hydride, react ions 

(continued) 

carboxylic acids, 161, 322-365, 378, 
546, 636, 744-745, 907-909, 
972, 974 

acetylenic, 355-356, 972, 974 
alicyclic, 342—348 
aliphatic, 322-342, 907-909 
aromatic, 356—364 
orcyanoacids, 744-745 
heterocyclic, 359, 365-368 
labeled, 365, 369-370 
a,^-unsatmated, 343, 349-355 
chalcones, 934-935, 937 
copper aluminum ethoxide, 70 
cupric chloride, 43 
cuprous iodide, 43-44 
cyanohydrins, 116, 151, 731, 742, 743 
deuterium oxide, 31 
diacylamines, 555-556, 633-634 
dialkyl magnesium compounds, 25 
diazo compounds, 161-162, 780-781 
diazoketones, 161-162 
diborane, 25, 36 
dihalides, vicinal, 903-904 
dimethylberyllium, 46 
dioxolanones, 512, 683, 722 
disulfides, 90, 841-B43 
disulfones, 84B, 990 
dithiols, 841 

enol esters, 238-239, 533-538, 963-4 
enol ethers, 94-95, 150, 164, 179, 
187-1B8, 211, 254, 265-266, 
280-282, 467, 473, 695-704, 
746, 960-963 

enols, 80-81, 83, 115, 151, 164-167, 
180-181, 187, 211, 249, 417- 
418, 451, 455, 512, 690-695, 
960-963 

episulfides, 844 
epoxides 

1,2-epoxides, 646-673 
acyclic, 647-653 
alicyclic, 653-657, 682, 814 
alkaloid epoxides, 672-673 
mechanism, 87-88, 90 , 646-648 
sugar epoxides, 657-659 
triterpene epoxides, 411, 467, 
669, 671-672 

Walden inversion, B7-88, 90, 

653, 655-656 

1,2-epoxides, steroidal, 659-669 
2,3-oxidosteroids, 659-661 


3.5- oxidosteroids, 663 

4.5- oxidosteroids, 235, 662-663 

5.6- oxidosteroids, 663-664 

9,11-oxidosteroids, 247, 249, 

664—665 

11,12-oxidosteroids, 665-666 
14,15-oxidosteroids, 667 
16,17-oxidosteroids, 237, 667- 
668, 670-671 

17,17a-oxidosteroids, 237, 668 
17,2(H>xidosteroids, 668-669 
20,21-oxidosteroids, 669 

1.4- epoxides, 711-716 

1.5- epoxides, 716-719 

1.6- epoxides, 71SK721 

3.8- oxidosteroids, 71SK721 

3.9- oxidosteroids, 716-717 
ergot alkaloids, 810-811 
essential oils, 81 

esters, 89, 391-491 

acetates, 769, 394-403, 655 
alicyclic carboxylates, 451-455, 
691-692 

aliphatic carboxylates, 415-446, 
595, 780-781 
a,/3-acetylenic, 451 
a,/3-unsaturated, 446-450, 695 
alkaloid carboxylates, 467, 473- 
476, 702-704 

aromatic carboxylates, 116-117, 
473, 477-478, 480-493 , 524 
benzoates, 169, 404 
p-bromobenzoates, 403 
a-cyanoesters, 733, 744, 746 
formates, 394 

heterocyclic carboxylates, 47B- 

479, 484-499, 983-985 

benzofuran carboxylates, 490 
furan carboxylates, 490, 987 
imidazole carboxylates, 478-479 
indole carboxylates, 479 
isoindazole carboxylates, 479 
oxazole carboxylates, 491 
phenazine carboxylates, 486 
phenothiazine carboxylates, 487 
pyrazine carboxylates, 487 
pyrazole carboxylates, 479 
pyridine carboxylates, 479, 484- 
486 

pyrrole carboxylates, 488-489 
quinoline carboxylates, 486 
quinolizidine carboxylates, 487- 
488 
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Lithium aluminum hydride, reactions, 
eaters, heterocyclic carbox- 
ylmtes (continued) 
thiaoaphchene carboxyl at es, 490 
thiazole carbozylates, 489-490 
thiophene carbozylates, 490 
hydrogenolysis, 47B, 983-983, 987 
hydrogen phthalates, 405, 413 
/B^ketoesters, 164*167, 169 
labeled, 446, 473 
menthozyacetates, 403*404 
monosaccharide a, 456 
nitrates, 413*414 
nitrites, 414 
p-nitrobenzoates, 404 
non-reduction, 412, 419, 446 
oligosaccharides, 436-457 
phosphates, 414*413 
reductive hydrolysis, 412-413 
selective reduction, 418*419, 446, 
477 

steroidal carbozylates, 435, 458- 

466, 503 

sugar carbozylates, 455, 456*457 
trimethylacetates, 403 
tricerpene carbozylates, 455, 467- 
472 

ethers, 91, 335, 342, 643-646, 678- 
679, 711-722, 733*734, 904 
ethylene, 74, 91 

experimental conditions, 1007*1012 
general, 1007-1008 
hazards, 1011-1012 
introduction of reactants, 1008-10 
isolation of products, 1010-1011 
reaction proper, 1010 
flavones, 209-210 
fluorene derivatives, 95 1-954 
fluorenones, 191-193, 989 
N-formyl amines, 551-554 
fulvene derivatives, 950*954, 959- 
960 

functional group determination, 76*83 

functional groups reduced, 95-97 

gallium alkyls, 73 

gallium chloride, 54 

germanium tetrachloride, 58*59 

gold salts, 46 

Grignard reagent, 70 

guanidines, 795 

halides 

alley die, 239, 653, 655, 889-916 


aliphatic, 88-90, 322*323, 325, 
335, 380, 384, 391, 608, 645, 
889-916 

allylic, B95, 897, 898 
aromatic, 358, 477, 917*922 
benzylic, 899, 901*902 
propargylic, B97, 900*901, 975 
vinyl, 902-903, 947 
haloacids, 907-909 
haloaluminum hydrides, 8, 53 
haloethers, 904 
halogens, 42 

haloindium aluminum hydride, 55 
haloketones, 904*907 
hazards, 547, 708, 1011-1012 
hemithioketals, 675, 840-841, 886 
heterocyclic nitrogen compounds, 
819-831 

acridines, 803, 827 
azines, 830*831 
azoles, 828-829 
benzimidazoles, B03, 829 
benzotriazoles, 814-815, 829 
benzozazoles, 815 
imidazoles, 828 
indoles, B20-823 
naphthostyrils, 821 
ozazines, 798-799, 816, 831 
ozazoles, 797-798, 829 
ozazolidines, 807-808 
oxazolines, 798 
phenanthridines, 803, 827-82B 
phenazines, 804*805, 830 
pseudoindozyls, 821 
pyrazines, 804, B30 
pyrazoles, 828 
pyridines, 801, 815, 823-825 
pyridones, 824*825 
pyrroles, 820 
quinamine, 810 
quinazolines, 805> 830-B31 
quinolines, 801-B02, 826-827 
quinozalines, B02-B04, 812-813, 
830 

solasodines, 808*809 
thiamine, 831 
thiazoles, 829 

heterocyclic oxygen compounds, 711- 
722 

heterocyclic sulfur compounds, 884- 

886 

hydantoins, 634, 760 
hydrazidlnes, 794 
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Lithium aluminum hydride, reaction* 
(continued) 

hydrazo compounds, B4 
hydrazoic acid, 36 
hydrazones, 797 

hydrocarbons, aromatic, 966-968 
hydrogen cyanide, 37 
hydrogenolysia, 90, 128, 145, 147- 
148, 192-193, 197, 201, 209, 
211-212, 358, 478-479, 484- 
465, 488-490, 699-700, 710, 
BB4, 885, 979-991 
hydroperoxides, 705-706, 800-B01 
hydroxyl amines, 778 
imides, 627—632 
imines, 795-797 
indium chloride, 55 
indoles, 601, 604-605, 948-950 
inorganic halides, 42-60 
iodine, 9, 42 
iodonium sales, 919 
isocyanates, 751 
isocyanides, 751 
isothiocyanates, 883 
ketene dimers, 169-170, 510-511, 
693-694 
ketoacids, 161 
ketoamides, 161 
ketoazides, 162, 780 
ketc^enol tautomers, 82-83 
/0-keroesters, 164-167, 451,455,691- 
692, 753-754 
ketones, 124-283 

alicyclic, 88, 148-159, 210-211, 
657, 691-692, 694-695, 905, 
959-960, 982 , 986, 987 
alkaloid, 215-216 
alkyl alicyclic, 128, 135 
alkyl aryl, 135-144, 904-905 
alkyl heterocyclic, 145, 147-148, 
982-983 

aromatic, 904-905 
aryl alicyclic, 135-144, 648-649 
asymmetric reduction, 127 
dialkyl, 125-134, 906-907, 990 
diaryl, 138, 145-146, 985 
diazoketonea, 781 
fulvenic, 195-200 
polycyclic, 190-282 
protection of keto group, 269» 279- 
282, 674-675, 700-702,838-41 
steroidal, 227-269, 688-681, 700- 
702 

Asteroids, 246-248 


ring A ketones, 227-238, 535, 
69J 

ring B ketones, 239-249, 254, 
693, 907 

ring C ketones, 250-251, 254- 
256 

ring D ketones, 256-259, 265- 
26B, 412 

side chain ketones, 268*271 
triterpenoid, 216-227 
a,/5-unsaturated, 92 , 94, 170-215, 
218-219, 236-238, 246, 249, 
254-257, 695-698, 956-960, 
987-988 

ketonitriles, 155^160, 747 
ketooximes, 162-163, 75B 
ketophenylhydrazones, 163 
lactams, 594-627 

ergot alkaloids, 619-621 
monocyclic, 594-601, 624-626 
polycyclic, 601-619, 624-628 
reductive cleavage, 619-624 
lactones, 170, 377, 510-531, 693-694 
acyclic, 510-512; 5J3-5J5 
alicyclic, 517-519, 520-523 
aromatic, 519, 524-531 
heterocyclic, 531 
sugar, 512, 516 
lithium alkyls, 74 
lithium borofluoride, 43 
lithium carbonate, 43 
lithium perchlorate, 45 
magnesium alkyls, 72 
magnesium halides, 24, 46 
mechanism, B6-91, 951-953 
mercaptsns, 841 
mercuric iodide, 48-49 
mercury alkyls, 73 
metal alkyls, 71—74 
metal oxides, 41-42 
N~C—O grouping, 909-910, 991 
NCO grouping, 393, 411, 600, 646, 
656, 681-682, 687-688, 709- 
710, 711-712, 722, 799-800, 
808-817 

NC5 grouping, 817-818 
nitrates, 71 
nitric oxide, 41 

nitriles, 80-81, 151, 159, 160, 349, 
354, 447-448, 731-749 
alicyclic, 740 
aliphatic, 731-739, 747 
aromatic, 740-741 
heterocyclic, 74<K741 
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Lithium aluminum hydride, reactions, 
nitriles (continued) 
mechanism, 731, 733, 743 
selective reduction, 746*747 
a^-uns actuated, 700, 742, 744* 
746, 748-749 
nitrites, 71 
nitro compounds 

aliphatic, 762-773, 939-943, 991 
nitroolefins, 764-771, 939-943 
reductive cleavage, 771-773 
saturated, 763-764 
aromatic, 04, 114, 756, 773-776 
selective reduction, 776 
nitrogen oxides, 760-761, 825 
C-nitroso compounds, 84 , 761 
nitrosamines, 761-762 
OCO grouping, 116-117, 656-657, 
673HSBB, 721-722 
cleavage, 682-688 
non-cleavage, 673-682 
olefins, 91 

olefin polymerization, 992, 994—1005 
aluminum alkyl synthesis, 994-997 
arolefin synthesis, 1000-1004 
paraffin synthesis, 997-1000 
organoalkoxysilane, 70 
organogermanol, 70 
organogermyl oxide, 70 
organohaloarsines, 69 
organohaloborines, 70 
organohalogermanes, 68-69 
organohalophosphines, 69 
organohalosilanes, 66-68 
organohalostannanes, 69 
organohalostibenea, 69 
organomagnesium halides, 70 
organolead halides, 70 
orthoesters, 690, 749 
oxidation, 282-283, 992-993 
oximes, 147, 162-163, 751-760, 943, 
947 

aldoximes, 751, 752 
ketoximes, 753—759 
acyclic, 753-755 
alicyclic, 756, 757 
aromatic, 756, 758, 759 

selective reductions, 758, 760 
a,/9-una actuated, 704, 758, 943, 947 
oxygen, 40, 77 
ozonides, 685-687, 708-710 
peptides, 82, 565 
perinaphthenones, 960, 988 


peroxides, 210, 706-70B 
phenylhydrazine, 81 
phenylhy dr agones, 115, 163 
phosgene, 41, 380 
phosphates, 71 
phosphinyl chloride, 383 
polymerization, 91 
proteins, 82 

pseudoesters, 116-117, 477-478, 

531, 683-685 

pseudoindoxyls, 94, 213-215 
pyridones, 212 
y-pyrones, 209-210 
quaternary ammonium salts, 91, 606— 

607, 781-709 

displacement reactions, 787—789 
reduction to o-dihydro derivatives, 
781-787 

quinones, 92, 308-312, 700, 958 
o-quinones, 308*310 
p-quinones, 310-312, 958 
rearrangements, 92-94, 566-567, 569, 
574, 645 

resolution of carbinols, 413 
SCO grouping, 722, 839-041 
silicon halides, 56—57 
silver perchlorate, 44-45 
Schiff’s base methiodides, 788 
Schiff's bases, 796-797 
spiro stanes, $80—681 
stannic chloride, 59 
stereochemistry, 86-91, 149—150, 151, 
159, 863-865 

steric hindrance, 80—81, 83 
i-steroids, 246-248 
sulfenic acids, 879 
sulfenyl halides, 90, 879-880 
sulfenyl thiocyanates, 90 
sulfides, 771, 817, 838-639 
sulfinic acids, 90, 079 
sulfinyl halides, 879 
sulfonamides, 621, 876-B78, 987, 991 
sulfones, 90, 128, 845-851 
cyclic, 849-851, 948, 990 
mechanism, 851 
open-chain 

aliphatic, 810, 845-846 
aromatic, 771-772, 818, B46-B47 
aryl alkyl, 847-848, 948, 990 
sulfonic acids, 851 
sulfonic anhydrides, B51-B52 
sulfonic esters, 855-873 
aliphatic, 89, 92, 855-865 
stereochemistry, 863-865 
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Lithium Aluminum hydride, reactions 
sulfonic estera {continued) 
alicyclic, 633*865 
alkaloid tosylates, 713, 873 
aromatic, 90, 873, 874-875 
steroid tosylates, 869*873 
sugar tosylates, 865*868 
triterpene tosylates, B69 
sulfonyl halides, 90, 652-855, 948 
sulfoxides, 90, 844 
sultams, 676*879 
sultones, 876 
cetrasulfides, 844 
thallic chloride, 55 
thebaine, 713*716 
thioamides, 92, 818, 881 
thiocyanates, 90, 883 
thioenol ethers, 2BO-81, 838-39, B44 
thioesters, 680*861 
thioketals, 279*280 
thioketones, 8B4, 985, 986, 987 
thiolsulfonic esters, 882 
thio sulfonic esters, 90 
thioxanthones, 987 
titanium tetrachloride, 57 
tosylates, B9, 92 
trisulfides, 843 
tritium oxide, 31*32 
tropolones, 210*211 
ureas, 760 

Wagner-Meerwein rearrangement, 94- 
95, 214, 704 
water, 8, 31-32, 77 
xanthenes, 955 
xanthones, 209, 986 
zinc alkyls, 72 
zinc halides, 47 
zinc hydrogen iodide, 47 
Lithium aluminum hydride-c 
preparation, 6 

reaction with organohalosilanes, 66 
Lithium aluminum tetracyanide, 37 
Lithium beryllium hydride, 46 
Lithium borohydride 
analysis, 22, 34 

catalyzed decomposition, 22 
hydrolysis, 22 
methanolysis, 22 
echerate, 20, 21, 23 
functional groups reduced, 102 
hazards, 22 
hydrolysis, 22, 33*34 


properties, 22*23, 34 
purification, 21 
structure, 10, 22, 102 
Lithium borohydride, preparation, 20- 
21, 36, 74 

from aluminum borohydride, 20 
from boron halides, 21 
from diborane, 20, 36 
from lithium alkozide, 20 
from lithium alkyls, 20, 74 
from lithium hydride, 20, 21 
from lithium tetramethoxyborohydride, 
20, 36 

from lithium trimethoxyborohydride, 
20, 36 

from methyl borate, 21 
from sodium borohydride, 21 
from cributyl borate, 21 
Lithium borohydride, reactions 
acetals, 307, 689 
acids, 34 
acyl halides, 386 
aldehydes, 123 
aluminum halides, 53 
amides, 593-594, 966 
amines, 730 

amine salts, 59, 73, 730 
ammonia, 35 

ammonium chloride, 36, 59 
beryllium bromide, 46 
borazole, 36, 59 
boron halides, 50 
cadmium chloride, 48 
carbon dioxide, 39 

carbon-carbon double bonds, 509, 
594, 966 

carbon-nitrogen double bonds, 806* 
807 

carboxylic acids, 373 
cupric chloride, 44 
cuprous chloride, 44 
enol ethers, 308, 704*705 
1,4-epoxides, 711 
esters, 504, 507-509 
experimental conditions, 1012*1013 
functional groups reduced, 102 
halides, aliphatic, 911, 917 
hydrogen chloride, 35 
hydrogen cyanide, 37 
inorganic halides, 43 
ketongs, 305-308, 704-705 
non-steroidal, 305*306 
steroidal, 306*308, 704-705 
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Lithium borohydride, reaction* 
(continued) 

lithium borofluoridc, 43 
lithium formate, 43 
methanol, 22 
nitriles, 307, 750 

nitro compounds, aromatic, 777*778 
OCO grouping, 689 
organohalophosp bines, 69*70 
oxygen, 40 
peptides, 82 

phosphorus trichloride, 59 
quaternary ammonium salts, 793 
semicarbazones, 306*307, 508, 760, 
806-807 

silver perchlorate, 45 
sulfonic esters, 873 
titanium chloroborohydridc, 57 
titanium salts, 57 
titanium tetrachloride, 57 
tritium, 21 
uranium chloride, 60 
ureas, 760 
' water, 22, 33-34 
zinc halides, 47 
Lithium borohydride-* 
preparation, 21 
reaction with aldehydes, 123 
Lithium borohydride-lithium hydride, 
Lithium boron tetracyanide, 37 
Lithium cyanoborohydride, 37 
Lithium gallium hydride 
decomposition, 26 
etherate, 26 

functional groups reduced, 104 
hydrolysis, 35 
prepnration, 26, 54 
properties, 26 
structure, 103 

Lithium gallium hydride, reactions 
aldehydes, 123-124 
amides, 594 
amines, 730 
carboxylic acids, 373 
esters, 509 

functional groups reduced, 104 
gallium chloride, 54 
inorganic halides, 43 
ketones, 308 
quinones, 312 
nitriles, 750 
silver perchlorate, 45 
thallic chloride, 56 
water, 35 


Lithium halides, reactions, 21 ^ 
Lithium haloaluminum hydrides, 8, 51 
Lithium hydride 

functional, groups reduced, 103 
preparation, 74 
Lithium hydride, reactions 
aluminum ethylate, 6, 71 
aluminum halides, 4*6, 7 
aluminum hydride, 5 
beryllium chloride, 46 
boron halides, 21, 50 
diborane, 20 
gallium halides, 26, 54 
halides, 90, 910, 911, 912-913, 
917 

indium chloride, 55 
lithium borofluoride, 43 

magnesium halides, 25 
methyl borate, 20-21 
nitriles, 750 

nitro compounds, aromatic, 777 
organoaluminum halides, 73 
organohalophosphines, 69 
organohalosilanes, 67 
organohalostannanes, 69 
stannic chloride, 59 
sulfonic esters, B73 
thallic chloride, 56 
tributyl borate, 21 
tritium, 6 
zinc iodide, 47 
Lithium indium hydride, 55 
Lithium salts, 43 
Lithium tetramethoxyborohydride 
preparation, 20 
reactions, 20, 36 
Lithium crimethoxyborohydride 
preparation, 20 
reaction with 

boron halides, 51 
diborane, 20, 36 
thermal decooposition, 20*21 

Magnesium alkyls, reactions, 72 
Magnesium aluminum hydride 
functional groups reduced, 100 
hydrolysis, 34 
preparation, 24*25, 46 
properties, 25, 46 
structure, 25, 100 

Magnesium aluminum hydride, reactions 
aldehydes, 118 
amides, 592 

carbon-carbon double bonds, 964 
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Magnesium aluminum hydride, reactions 
(continued) 

carbon-carbon triple bonds, 118, 975 
carboxylic acids, 371 
esters, 500 

experimental conditions, 1008 

functional groups, reduced, 100 

ketones, 283 

nitriles, 750 

quinones, 312 

water, 34 

Magnesium borohydride, reactions 
amines, 730 
boron halides, 50 
hydrogen chloride, 35-36 
Magnesium halides, reaction with 
lithium aluminum hydride, 24 
lithium hydride, 25 
Magnesium hydride, 24-25, 46, 72 
Magnesium salts, 46 
Magnesium dioxide, 42 
Manganese salts, 60-61 
Merc apt an s, preparation 
from disulfides, 841-843 
from dichiols, 841 
from episulfides, 844 
from sulfonyl halides, 852-853 
from tetrasulfides, 844 
from thiocyanates, 883 
from thioesters, 880-882 
from chiolsulfonic esters, 882 
from trisulfides, 843 
Mereaptans, reactions, 841 
Mercury alkyls, reactions, 73 
Mercury hydride, 4B-49, 73 
Mercury salts, 48-49, 60 , 6l 
Metal alkyls, reactions, 71-74 
Metal oxides, 41—42 
Methanol, preparation 
from carbon dioxide 

with lithium aluminum deuceride, 39 
with lithium aluminum hydride, 37-8 
from carbon monoxide, 40 
from phosgene, 41, 360 
Methanol-C u , preparation, 38 
Methanol-C 14 , preparation, 38, 39 
Molybdenum sales, 6l 
Molybdenum trioxide, 41-42 

NCO grouping, reactions, 807-817 
NCS grouping, reactions, B 17*818 
Nickel boride, 60-61 
Nickel salts, 60-61 


Niobium pentoxide, 42 
Nitrates, reactions, 71, 413-414 
Nitric oxide, 41 
Nitriles, preparation 
from thioamides, 881 
Nitriles, reaction with 
aluminum hydride, 749 
aluminum hydride-aluminum chloride 
addition compound, 749-750 
lithium aluminum hydride, 731-749 
lithium borohydride, 750 
lithium borohydride-lithium hydride, 
750 

lithium gallium hydride, 750 
magnesium aluminum hydride, 750 
sodium aluminum hydride, 100 
sodium borohydride, 750 
zinc aluminum hydride, 750 
Nitrites, reactions, 71, 414 
Nitro compounds, aliphatic 
reaction with 

aluminum hydride-aluminum chlo¬ 
ride addition compound, 773 
lithium aluminum hydride, 762-773 
sodium borohydride, 773 
Nitro compounds, aromatic 
reaction with 

aluminum hydride-aluminum chlo¬ 
ride addition compound, 776 
lithium aluminum hydride, 773—776 
lithium borohydride, 777-778 
potassium borohydride, 777 
sodium borohydride, 776-777 
Nitrogen oxides, reactions, 760-761 
Nitro group test, 84 
Nitro so compounds 

C-nitroso compounds, resetions, 761 
nitrosamines, reactions, 761-762 

OCO grouping, reaction with, 
aluminum borohydride, 689 
lithium aluminum hydride, 673-688 
lithium borohydride, 689 
potassium borohydride, 689 
sodium borohydride, 689 
Olefin polymerization 

aluminum hydride reactions, 992, 
994-1005 

lithium aluminum hydride reactions, 
992, 994-1005 
synthesis of olefins, 975 
Olefins, preparation 
from acetylene, 1004 
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Olefins, preparation (continued) 

from acetylenic compounds, 968-97$ 

■ from ethylene polymerization, 975 
from olefins 

with aluminum hydride, 1000-1004 
with lithium aluminum hydride, 
1000-1004 

Olefins, reaction with 
aluminum borohydride, 26 
aluminum hydride, 992, 994-1005 
lithium aluminum hydride, 992, 994— 
1005 

Organoaluminum halides, preparation, 73 
Organoarsines, preparation, 69 
Organoborines, preparation, 70, 73 
Organogermanes, preparation, 68-69, 70 
Or ganohal oar sines, reactions, 69 
Organohaloborines, reactions, 70 
Organohalogermanes, reactions, 6B-69 
Organohalophosphines, reaction with 
lithium aluminum hydride, 69 
lithium borohydride, 69-70 
lithium hydride, 69 
Organohalosilanes, reaction with 

lithium aluminum hydride, 66-68 
lithium hydride, 67 
sodium aluminum hydride, 67 
sodium hydride, 67 
Organohalostannanes, reaction with 
lithium aluminum hydride, 69 
lithium hydride, 69 
Organohalostibenes, reactions, 69 
Organolead halides, reactions, 70 
Qrganomagnesium halides, reactions, 70 
Organophosphines, preparation, 69-70 
Organo silanes, preparation, 66-68, 70 
Organostannanes, preparation, 69 
Organostibenes, preparation, 69 
Orthoesters, reaction with 
aluminum borohydride, 690 
lithium aluminum hydride, 690 
Oxidation with lithium aluminum hy¬ 
dride, 992-993 

Oximes 

preparation, 768-770, 771-772 
reactions, 751*760 
Oxygen, reaction with 

aluminum borohydride, 40-41 
borohydride s, 40-41 
lithium aluminum hydride, 40 
Oxouides, reaction with 

lithium aluminum hydride, 708-710 
sodium borohydride, 709-710 


Peptides, reaction with 

lithium aluminum hydride, 565 
sodium borohydride, 634-636 
Permanganate, 61 
Peroxides 

cause of explosions, 39 
reactions, 706-708 
Phenols, preparation 

from sulfonic esters, 873-875 
from sultones, 876 
Phosgene, reaction with 

aluminum borohydride, 41, 386 
lithium aluminum hydride, 41 
Phosphates, reactions, 71, 414-415 
Phosphine, preparation, 59, 71 
Phosphine oxide, 383 
Phosphinyl chloride, reactions, 3B3 
Phosphorus halides, reactions, 59 
Polyethylene, 998, 1000 
Potassium borohydride 
analysis 

hydrolysis, 19, 33 
hypochlorite method, 19 
functional groups reduced, 102 
handling, 1017-1018, 1023 
hazards, 1023 
hydrolysis, 33 
properties, 19 
stabilization, 19, 33 
Potassium borohydride, preparation 
from aluminum borohydride, 19 
from diborane, 18-19, 36 
from potassium hydride, 19 
from potassium tetramethoxyborohy- 
dride, 18-19, 36 

Potassium borohydride, reactions 
acetals, 689 
acyl halides, 385 
aldehydes, 123 
aluminum halides, 53 
amides, 593 
ammonia, 35 
boron halides, 50 

carbon-carbon double bonds, 965-966 
carbon-nitrogen double bonds, 806 
carboxylic acida, 373 
1,4-epoxides, 711 
esters, 507 

experiments! conditions, 1015 
functional groups reduced, 102 
halides, aliphatic, 911 
hypochlorite, 19 
imides, 629 
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Potassium borobydride, reactions 
(continued) 
inorganic halides, 43 
ketones, 304-305 

nitro compounds, aromatic, 777, 778 
OCO grouping, 689 
oxygen, 40 

quaternary ammonium salts, 507, 790- 
793 

water, 19, 33 

Potassium hydride, reaction with 
diborane, 19 

Potassium tetramethoxyborohydride 
decomposition, 19 
preparation, 18 
reaction with diborane, 36 
Potassium trimeihoxyborohydride, re¬ 
actions, 51 

Pseudoindoxyls, 94, 213*215 
Pyridones, 212 
y-Pyrones, 209*210 ' 

Pyrrolidines, preparation 

from amidoacids, 323*324, 546 
from aminoesters, 417 
from imides, 627 
from lactams, 594-598 
Pyrylium salts, preparation, 209-210 

Quaternary ammonium salts, reaction 
with 

lithium aluminum hydride, 781-789 
lithium borohydride, 793 
potassium borohydride, 790*793 
sodium borohydride, 789*790 
sodium trimethoxyborohydride, 790 
Quinones, reaction with 

aluminum hydride-aluminum chloride 
addition compound, 312 
lithium aluminum hydride, 308-312 
lithium gallium hydride, 312 
magnesium aluminum hydride, 312 
sodium borohydride, 312 
Quinoxalines, 626-627 

Resolution of carbinols, 413 
Rubremetinium salts, reactions, 784-B7 

Schiff’s bases, reactions, 796-797 
SCO grouping, reactions, 839*841 
Silane, preparation, 56, 66, 68 
Silicon halides, ceactions, 56-57 
Silver aluminum hydride, preparation, 

44-45 


Silver borohydride, preparation, 45 
Silver gallium hydride, preparation, 45 
Silver salts, 44-45, 60, 61 
Sodium aluminum hydride, 

functional groups reduced, 100 
preparation, 53 
solvents, 100 

Sodium aluminum hydride, reaction with 
acyl halides, 100 
aldehydes, 100 

carbon-carbon double bonds, 100 
carboxylic acids, 100 
esters, 100 

halides, aliphatic, 100 
ketones, 100 
nitriles, 100 
nitro compounds, 100 
organohalosilanes, 67 
Sodium borohydride 
analysis, 16-17, 61 
hydrolysis, 16-17 
hypochlorite method, 17 
iodomecric method, 17 
as analytical reagent, 60, 7B V 123 
diammoniate, 35 
functional groups reduced, 101 
handling, 1017-1018, 1022-1023 
hazards, 1022-1023 
hydrolysis, 16-17, IB, 32-33 
catalytic acceleration, 32-33 
pellets, 32-33 
personal safety, 1023*1024 
properties, 17-18, 32, 35 
purification, 14*15, 16 
structure, 17, 100-101 
toxicity, 1023*1024 

Sodium borohydride, preparation, 13- 

1 6 , 36 

from boric oxide, 15 
from boron halides, 16 
from diborane, 13, 14, 15, 36 
from dimethoxyborine, 13 
from dimechylaminoborine, 15*16 
from methyl borate, 14, 15 
from sodium amalgam, 15 
from sodium hydride, 13, 14, 15*16 
from sodium metal, 15 
from sodium methoxide, 14 
from sodium tetramethoxyborohy- 
, dride, 14, 36 

from sodium trimethoxyborobydride, 

15-14, 36 
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Sodium borohydride, reactions 
acetal a, 304, 669 
acid anhydrides, 379 
acyl halides, 383-385, 593 
aldehydes 

ali cyclic, 116-121 
aliphatic, 118-121, 773 
aromatic, 118-121 
carbohydrate, 82, 121-123 
aluminum halides, 53 
amides, 592-593 
amines, 730 
ammonia, 35 
antimony salts, 60 
in aqueous solutions, 60-61 
arsenic salts, 60 
beryllium bromide, 46 
bismuth salts, 60 
boron halides, 50 

carbon-carbon double bonds, 384, 
533-539, 930, 964-965 
carbon-nitrogen double bonds, 806 
carboxylic acids, 371-373, 717-718 
cerium salts, 60 
chromium salts, 60, 6l 
cobalt salts, 33, 60-61 
copper salts, 6l 
cyan amides, 750 
deuterium oxide, 33 
dextran, 123 
diazonium salts, 781 
enol esters, 303-304, 533-539 , 965 
1,2-epoxides, steroidal, 665, 667, 673 
1,4-epoxidea, 711 
3,9-epoxides, steroidal, 717-718 
esters, 50(^506 

non-reduction, 501, 503-506 
experimental conditions, 1013-1015 
functional group determinscion, 78 
functional groups reduced, 101 
halides, aliphatic, 911 
halides, aromatic, 919 
heterocyclic sulfur compounds, 885 
hydantoitts, 385, 634-636, 760 
hydrocellulose, 121 
hydrochloric acid, 32-33 
hydrogen chloride, 35 
hydroperoxides, 705-706 
hypochlorite, 17, 61 
imides, 385, 629 
inorganic halides, 43 
iodate, 17, 61 
iodine, 17, 61 


iron salts, 60 
ketones, 
nitro, 288 

non-steroidal, 138, 283-288, 773 
protection of kcto group, 304 
steroidal, 28B-304, 535 
sugar, 288 , 

a,£-unsactuated, 290, 291 
lactones, 121, 517, 531-^33 
lithium halides, 21 
manganese asks, 60-61 
mercury salts, 60 
methanol, 18 
molybdenum salts, 61 
monosaccharides, 122 
nickel salts, 60-61 
nitriles, 750 
nitro compounds 
aliphatic, 288, 773 
aromatic, 776-777 
OCO grouping, 689 
oligosaccharides, 122 
oxygen, 40 
ozonides, 709-710 
polysaccharides, 123 
quaternary ammonium salts, 789-790 
quinones, 312 
silver salts, 60 
solvents, 101 
sugars, 82 
sulfoxides, 845 
thallium salts, 60 
thiamine, B31 
thioesters, 881-882 
titanium salts, 57 
tritium, 16 
tungsten salts, 6l 
ureas, 760 

water, 16-17, 18, 32-33 
Sodium borohydride-t 
analysis, 32 
preparation, 16 
Sodium bydride 9 reaction with 
acyl halides, 384 
aluminum bromide, 53 
aluminum ethylate, 70-71 
boric oxide, 15 
boron halides, 16, 50 
deuterium oxide, 31 
dihorane, 15 

dimethylaminoborine, 15-16 
methyl borate, 13, 14, 23 
organoaluminum kalidee, 73 
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Sodium hydride, reaction with 
; {continued) 

organohalosi lanes, 67 
sodium tetremethoxyborohydride, 14 ^ 
sodium trimerhoxyborohydride, 13 
Sodium tetramethoxy borohydride 
decomposition, 19 
preparation, 13 p 14, 24 
reaction with 
dltarane, 36 
sodium hydride, 14 
thermal decomposition, 14 
Sodium trimerhoxyborohydride 
analysis, 23 
handling, 1022*1023 
hazards, 1023 
hydrolysis, 23, 54 
preparation, 13, 23 
properties, 23-24 
purification, 23 
thermal decomposition, 13 
Sodium trimethoxyborohydxide, reac¬ 
tions 

acids, mineral, 34 
ammonia, 35 
antimony salts, 61 
arsenic salts, 6l 
bismuth salts, 6l 
boron halides, 50-31 
bromine, 42, 61 
carbon dioxide, 40 
ceric salts, 61 
cobalt salts, 61 
copper salts, 6l 
diborane, 13, 36 
dimethoxyborine, 13 
ferricyanides, 61 
hydrogen chloride, 36 
hydrogen peroxide, 6l 
in aqueous solution, 6l 
iron salts, 61 
lead salts, 61 
mercury salts, 61 
methanol, 14, 24 
nickel salts, 61 
permanganate, 61 
quaternary ammonium salts, 790 
silver salts, 61 
thiamine, 831 
water, 23, 34 
nine salts, 6l 
Stanaane, preparation, 59 
Stannic halides, reaction with 
lithium aluminum hydride, 59 
lithium hydride, 59 


tf-Sfeeroids, 246-248 
Stibene, preparation, 60 
Sulfenic acids, reactions, 879 
Sulfenyl halides, reactions, .879-880 
Sulfides, preparation 
from sulfones, 1845 , 847-851 
from sulfoxides 

with lithium aluminum hydride, 
844 

with sodium borohydride, B45 
Sulfides, reactions, 838-839 
Sulfinic acids, preparation 
from sulfonamides, 876 
from sulfones, 846-847 
from sulfonic anhydrides, 851 
from sulfonyl halides, 853-855 
Sulfinic acids, reactions, B79 ' 

Suifinyl halides, reactions, 879 
Sulfonamides, reactions, 876-878 
Sulfones, reactions, B45-851 
Sulfonic acids, reactions, 851 
Sulfonic anhydrides, reactions, 851—852 
Sulfonic esters, reaction with 

lithium aluminum hydride, 855-873 
lithium borohydride, 873 
Sulfonyl halides, reactions, 852-855 
Sulfoxides, reaction with 

lithium aluminum hydride, 844 
sodium borohydride, 845 
Sultanas, reactions, 870-879 
Sultones, reactions, 876 

Terramycin, 524 
Tetraethyl lead, 996-997 
Tetrasulfides, reactions, 844 
Thallium aluminum hydride, 55 
Thallium gallium hydride, 56 
Thallium halides, reaction with 

aluminum hydride-aluminum chloride 
addition compound, 56 
lithium aluminum hydride, 55 
lithium gallium hydride, 56 
lithium hydride, 56 
Thallium hydride, 56 
Thallium salts, 55-56, 60 
Thiamine, reaction with 

lithium aluminum hydride, 784 
sodium borohydride, 789 
sodium crimethoxyborohydride, 790 
Thioamides, reactions, 881 
Thiocyanates, reactions, 883 
Thioenol ethers, reactions, 838-839 
Thioesters, reaction with 

lithium aluminum hydride, 880-881 
sodium borohydride, 881-882 
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Thioechers. See Sulfides 
Thioke tones, reactions, B64 
Thiols. See Mercaptans 
Thiolsulfonic esters, reactions, 882 
Thiophenols, prepsrstioo * 
from sulfinic acids, 879 
from sulfinyl halides, 879 
from sulfonamides, 876*878 
from sulfonic anhydrides, 852 
from sulfonyl halides, 852*855 
from sultones, 8.76 
from thioesters, 880*881 
Thorium borohydride, 58 
Thorium halides, reactions, 58 
Thorium salts, 58 
Tin aluminum hydride, 59 
Tin salts, 59 

Titanium aluminum hydride, 57 
Titanium borohydride, 57*58 
Titanium dioxide, 42 
Titanium halides, reaction with 
aluminum borohydride, 57*5B 
lithium aluminum hydride, 57 
lithium borohydride, 57 
Titanium salts, 57-56 
Trisulfides, reactions, 843 
Tritium activity, assay, 31*32 
Tritium oxide, reactions, 31*32 
Tropolones, 210*211 
Tungsten salts, 6l 
Tungsten trioxide, 42 
Tungstic acid, 42 

Uranium borohydeide, 35, 41, 60 
Uranium halides, reactions, 60 
Uranium oxide, 42 
Uranium salts, 60 
Ureas, reaction with 

lithium aluminum hydride, 760 
lithium borohydride, 760 
sodium borohydride, 760 


Vanadium pentoxide, 42 
Water 

analysis, 31, 77 
reaction with 

aluminum borohydride, 34*35, 40 
„ aluminum h$rdride^9 
beryllium borohydride^ 34 
lithium aluminum hydride, 8, 31*32 
lithium borohydride, 22, 33*34 
lithium gallium hydride, 35 
magnesium aluminum hydride, 34 
potassium borohydride, 19, 33 
sodium borohydride, 16-17, 18, 

32-33 

sodium crimethoxyboiohydride, 23, 


Xanthenes, preparation, 209 
Xanthiones, 884 
Xanthones, 209 

Ziegler process, 992, 994-1005 
Zinc alkyls, reaction with 
alkyl aluminum hydride, 72 
lithium aluminum hydride, 72 
Zinc aluminum hydride, preparation, 47 
Zinc aluminum hydride, reaction with 
aldehydes, 118 
carboxylic acids, 371 
nitriles, 750 
Zinc borohydride, 47-4B 
Zinc hydride, 47, 72 
Zinc hydrogen iodide, 47 
Zinc salts, 47*48, 61 
Zirconium borohydride, 58 
Zirconium halides, reactions, 58 
Zirconium salts, 58 








